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Foreword

“Pilot-Induced Oscillation Research: The Status at the End of the Century,” a workshop
held at NASA Dryden Flight Research Center on 6–8 April 1999, may well be the last
large international workshop of the twentieth century on pilot-induced oscillation (PIO).
With nearly a hundred attendees from ten countries and thirty presentations (plus two that
were not presented but are included in the proceedings) the workshop did indeed
represent the status of PIO at the end of the century.

These presentations address the most current information available, addressing regulatory
issues, flight test, safety, modeling, prediction, simulation, mitigation or prevention, and
areas that require further research.  All presentations were approved for publication as
unclassified documents with no limits on their distribution.

This proceedings include the viewgraphs (some with authors’ notes) used for the thirty
presentations that were actually given as well as two presentations that were not given
because of time limitations. Four technical papers on this subject that offer this
information in a more complete form are also included.  In addition, copies of the related
announcements and the program are incorporated, to better place the workshop in the
context in which it was presented.

Mary F. Shafer
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Between 1992 and 1994 The Boeing Company, Long Beach, performed a
series of flying qualities experiments concerning transport aircraft. The
experiments were performed in cooperation with the USAF (focal point Dave
Leggett) and NASA Langley (focal point Bruce Jackson). Both government
partners provided evaluation pilots, the USAF also contributed funding for
flight evaluations.

The purpose of the experiments was to generate a longitudinal flying qualities
database that could be used for criteria development. The flying qualities
results of these experiments will be presented in a paper at the AIAA
Atmospheric Flight Mechanics conference this August in Portland, Oregon1.

The results of the experiments have also been analyzed to identify PIO
tendencies in the aircraft configurations evaluated. Results from these analyses
will be presented here.

After reviewing the background to the experiments and the approach taken, the
evaluation task will be discussed. The results, as they apply to flying qualities
criteria, wil l then be presented. Finally, PIO prediction criteria based on the
results will be presented.

1.  Field, Edmund J., and Rossitto, Ken R., “Approach and Landing Longitudinal Flying
Qualities for Large Transports Based on In-Flight Results”, AIAA-99-4095, presented at the
AIAA Atmospheric Flight Mechanics conference, Portland, Oregon, August 1999 .
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Ken F. Rossitto and Edmund J. Field
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April 6-8, 1999
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Background

Flying qualities requirements for transport aircraft are not well defined and
supported:

• FARs and JARs are very limited

•Military specifications are more fighter oriented

•Limited database on 1 mill ion pound airplanes.

Additionally, active control technology makes existing flying qualities criteria,
where they exist, obsolete.

Approach

To develop / validate criteria and design requirements through a series of
generic in-flight simulation experiments. Need:

•Preferred response type

•Pitch axis dynamics

•Pitch axis time delays

NASA Dryden PIO Workshop / 6-8 Apr-99 / EJF / 2

Criteria for Category ICriteria for Category I PIOs PIOs of Transports Based of Transports Based
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Stability, Control & FlyingStability, Control & Flying

QualitiesQualities

Background

• Requirements for transports not well defined and
supported.

• Active control technology make existing flying
qualities criteria obsolete.

Approach

• Develop/validate flying qualities and PIO prediction
criteria and design requirements through a series of
generic in-flight simulation experiments.
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The facility used for the experiment was the USAF Total In-Flight Simulator
(TIFS), operated by Calspan, Buffalo, NY.

Most approaches were flown into Niagara Airport, though some were flown at
Buffalo.

NASA Dryden PIO Workshop / 6-8 Apr-99 / EJF / 3
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USAF / Calspan Total In-Flight Simulator (TIFS)
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The evaluation task used for the experiment was an offset approach and
landing. The lateral offset of 300 feet was corrected at around 200 feet AGL
and required an additional pitch axis “duck under” to land on the aim point.

Desired performance criteria were:

Touchdown between 1000 and 1500 feet past threshold

Touchdown within 10 feet of centerline

Touchdown sink rate between 0 and 4 feet/second

No PIO

Adequate performance criteria were:

Touchdown between 750 and 2250 feet past threshold

Touchdown within 27 feet of centerline

Touchdown sink rate between 4 and 7 feet/second

All data reported here resulted from simulated landings performed to match
the pilot’s correct “eye-height” at the landing point in the simulated aircraft.

NASA Dryden PIO Workshop / 6-8 Apr-99 / EJF / 4
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The flying qualities experiment evaluated a range of different dynamics for a
one million pound transport aircraft. The bulk of the data collected was for an
angle-of-attack (or conventional) response-type. Only that data will be
presented here.

Experiment variables were:

n/α: 2.3 and 3.9

CAP: 0.025, 0.07, 0.2 and 0.6

Time delay: 125, 250 and 400 msec

Additionally, two pitch sensitivities were evaluated. The majority of the
evaluations were with a pitch sensitivity of 0.3 deg/s2/lb, and only that data is
presented. A pitch sensitivity of 0.45 deg/s2/lb was also evaluated for selected
configurations.

NASA Dryden PIO Workshop / 6-8 Apr-99 / EJF / 5
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The results for the configurations with zero added time delay (125 msec
baseline configurations) are plotted on the existing Military specification CAP
boundaries. Cooper-Harper ratings for each pilot are presented together with a
“Trendline FQ Level”. This trendline flying qualities level was determined
from the individual ratings, the median rating and pilot comments.
Additionally, experimental issues, such as quality of model following in the
TIFS, were assessed. These trendline flying qualities levels have been fixed
and are now used for development of flying qualities criteria.

The trendline flying qualities levels support the theory behind the CAP
criterion. Additionally they support the raising of the Level 1/2 boundary.

For more details and discussion of these results refer to the AIAA paper
mentioned above.
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With the time delay configurations added CAP  is plotted against Time Delay.
Note that the two values of n/α yield slightly different values of CAP, except
for the lowest value of CAP (represented by the circle) which both share the
same value.

It is clear from this plot that there is a multi-parameter link between CAP and
Time Delay in the pilots’ perception of flying qualities.
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Cooper-Harper Ratings Show Correlation Between CAP & Time
Delay

The results show a multi-parameter correlation between CAP and Time Delay
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When the MIL-STD 1797 flying quali ties level limit boundaries are added to
the plot of CAP versus time delay (left hand plot) it is clear that these
requirements neither match the data nor allow for the observed multi-
parameter correlation between CAP and time delay.

New flying qualities boundaries have been developed and are proposed (right
hand plot). These boundaries reflect the multi-parameter correlation between
CAP and time delay that were identified from pilot ratings and comments.
These trends have also been observed the results of other ground-based
simulation experiments.

Note: For clarity only the “Trendline Flying Qualities Level” is presented on
all charts from here.
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Analysis of the PIO ratings and pilot comments from the experiments led to
the awarding of a “PIO Tendency Classification” to each configuration. This
was achieved in the same way as the earlier “Trendline Flying Qualities
Level”. Each configuration was awarded a classification of “No PIO”, “PIO
Tendency” or “PIO”.

Boundaries delineating the regions of these classifications reflect the same
multi-parameter correlation between CAP and time delay as was observed in
the flying qualities analysis. The limit of “No PIO” boundary appears to be
slightly more relaxed than the Level 1 limit boundary. This is based upon the
configurations for a CAP of 0.6 and time delay of 250 msec. These
configurations exhibited only marginal PIO tendency, but sufficient to exclude
them from classification of “No PIO”. Hence the boundary was drawn close to
these configurations.

However, the “PIO” limit boundary appears more stringent than the Level 2
limit boundary.
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When the results of the flying qualities experiment are plotted on the
Bandwidth Criterion, it is clear they support the theory of the criterion.
However, they also support the significant relaxation of the Level 2/3
boundary.
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Cooper-Harper Ratings Support The Bandwidth Theory
Level 2 / 3 boundaries could be relaxed significantly
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When the PIO tendency classifications are plotted on the Bandwidth
requirement they support the boundaries delineating the different PIO
susceptibility regions. This may not be immediately obvious, but the following
discussion will show this.

The two configurations that were classified “No PIO” fall just above the lower
limit of the “Susceptible if Flight Path Bandwidth Insufficient” zone. For these
configurations the flight path bandwidth was sufficient, and so they correlate
with the criterion.

The configurations with lower bandwidth (the diamonds and triangles) but
nominal 125 msec of time delay all had flight path bandwidths below the
Level 1 limit, and hence are predicted susceptible to PIO. Note that the pitch
sensitivity of the configurations represented by the triangles may have been
high for their pitch dynamics, possibly the cause of the increased PIO
susceptibility of these configurations.

All configurations with τP greater than 0.15 sec are predicted “Susceptible to
PIO”, and these tendencies were observed during the evaluations.

However, the criterion does not account for degrees of PIO susceptibility, as
does the proposed criterion based on CAP parameters. This could be addressed
by the inclusion of a diagonal line in the “Susceptible to PIO” region,
approximately equidistant from the existing and proposed upper Level 2 limit
on the flying qualities requirement (the plot on the left).
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The Data Support the Proposed Bandwidth / PIO Boundaries
The addition of “PIO classification” boundaries might provide more

insight
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QualitiesQualities

Conclusions

• Level 1 / 2 CAP boundary could be raised to 0.3
• There is a multi-parameter correlation between

CAP and time delay
• This same correlation is reflected in PIO tendencies
• PIO boundaries were proposed based upon LOES

parameters
• Level 2 / 3 pitch Bandwidth boundary could be

relaxed
• The data supports the proposed Bandwidth / PIO

criterion
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Video of TIFS Landing

• Ground View
• Pilot View
• Configuration:

•  Angle-of-attack response-type
• n /α   = 3.9  g/rad
•  ω’sp = 0.3  rad/sec
•  Tθ = 0.125  sec
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Hodgkinson, Glessner and Mitchell

PREDICTION OF LONGITUDINAL PILOT-
INDUCED OSCILLATIONS USING A LOW
ORDER EQUIVALENT SYSTEM
APPROACH.

John Hodgkinson and Paul T. Glessner
The Boeing Company, Phantom Works, Advanced Transports and Tankers
Long Beach, California

David G. Mitchell
Hoh Aeronautics, Inc.
Lomita, California

Abstract

A study was undertaken to determine whether longitudinal low order
equivalent system parameters could be used to predict  pilot-induced
oscillations (PIOs), also known as adverse aircraft-pilot coupling (APC), for
high order aircraft pitch dynamics.  The study was confined to linear dynamic
models, and therefore to Category I PIOs. Variable stability aircraft results
were used from three data sources simulating fighter up-and-away
maneuvering, fighter touchdown, and large transport touchdown. The
equivalent system parameters (alone or in combination) from the current US
Military Standard correlated well with incipient or developed PIOs.  Excessive
equivalent time delay  was by far the most frequent cause of PIO, and a few
cases were explained by low short period damping, low short period frequency
and low maneuvering stick force gradient. A high-gain asymptote parameter
offered some additional insight into pilot loop closures with large delays.
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Questions

• Can LOES parameters predict PIO?

• If LOES parameters are good, no PIO?

• If LOES parameters are bad, can get PIO?

• Do we need dedicated criteria instead?

PIO Prediction using equivalent system criteria

In addition, we would ideally like to answer the questions:

.If the equivalent system parameters were good compared with
the equivalent system criteria, did the pilots find no PIO
tendency?

.When the pilots experienced a PIO, did one or more equivalent
system parameters predict a PIO?

.Also, if it is difficult to obtain a match for a configuration, can
this also suggest PIO susceptibility?

We were able to answer all these questions to varying degrees.
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PIO Rating (PIOR) Scale

PIO ratings awarded by the pilots aided this study.
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Three data sources

• Neal-Smith

• LAHOS

• GLT

Correlation database

Three data sources were utilized.  All were from in-flight simulations.
Reference 6, Neal and Smith’s study, examined up-and-away dynamics of
fighter aircraft.  Reference 10, the so-called LAHOS study, considered fighter
dynamics in the landing approach.  The Generic Large Transport (GLT) study
of Reference 11 was for landing and touchdown dynamics of very large
(approximately 1-million-pound) transports.  In these data bases, the pilot
ratings and comments were used to separate the configurations into those
without PIO tendencies, those with incipient PIOs, and those with actual PIOs.

(for Reference definition, see the last two charts, or AIAA Paper 99-
4008,‘Prediction of Longitudinal Pilot-Induced Oscillations using a Low Order
Equivalent System Approach’, John Hodgkinson and Paul T. Glessner, The
Boeing Company, Phantom Works, Advanced Transports and Tankers, Long
Beach, California, and David G. Mitchell, Hoh Aeronautics, Inc., Lomita,
California).
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LOES form for pitch rate control
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The accepted method for determining the longitudinal short period equivalent
system is to match the pitch and normal load factor dynamics (at the
instantaneous center of rotation) simultaneously.  Similar parameters are
obtained by matching the pitch rate dynamics alone with the transfer function
shown in the chart, with  fixed at the  value for the aircraft. The transfer
function numerator includes a gain;  the dimensional lift curve slope of the
aircraft; and a time delay.  The denominator includes the short period damping
and undamped natural frequency. For these pitch dynamics, good and bad
values of the parameters are all defined directly or in combination by the
current specification, Reference 1.
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Candidate equivalent parameters

• Time delay

• Short period frequency

• Dimensional lift curve slope

• Short period damping

• Stick force per g

• High Gain Asymptote Parameter (HGAP)

Early equivalent systems researchers quickly found that the high frequency
phase lag, or rolloff, of some high order responses was greater than that which
the low order forms could accommodate.  Therefore a time delay term was
added to the low order forms. The delay itself eventually became a criterion
for handling qualities specification (see Reference 1). The High Gain
Asymptote Parameter suggests that a tight pitch loop closure by the pilot could
cause unstable pitch oscillations. ( Ashkenas et al Reference 9). Low values of
short period frequency produce sluggish dynamics and a low Control
Anticipation Parameter (CAP). Low values of short period damping produce
open-loop oscillations. Combined low stick force per g and low damping
produces dynamic sensitivity. High steady-state sensitivity of response to stick
command can produce PIO, as can combinations of rapid short period
frequency with significant pitch delay. Too-abrupt (too-high) short period
frequency can cause PIO. Fundamentally conventional aircraft with high
mismatch, i.e., whose dynamics cannot be matched with a conventional
transfer function, are unlikely to have good handling qualities.  However, first,
configurations with high mismatches tend to have extreme and unsatisfactory
equivalent parameters, and second, if an inappropriate equivalent system form
is used for an unconventional response-type (like an attitude command
system), then the resulting high mismatch is just a consequence of misuse of
the method.
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Low CAP=PIO for transports
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Sluggish short period frequency would be expected to correlate with PIO
tendency.  When al l the CAP data from the experiments were plotted without
regard to other parameters,  a tendency to support this expectation emerged, as
seen in this Table:

CAP

Data Source Apparent tendency for PIO if CAP is less than:

Neal-Smith 0.2

LAHOS 0.18

GLT 0.18

However, further examination of the data shows considerable influence of
other parameters.  For example, the low-CAP configurations in the Neal-Smith
data generally had high equivalent delays.  This is a natural consequence of
how Neal and Smith added lags to fundamentally conventional dynamics to
create their sluggish configurations. Lags not only add equivalent time delay at
higher frequencies, but also depress the short period equivalent frequency in
the mid-frequency range. When the effects of other parameters are separated
from the data, we were left with only the GLT data giving a significant
indication of PIO tendency due to low CAP values, as seen in the chart.
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High Gain Asymptote Parameter (HGAP)

The early equivalent systems analysis of the Neal-Smith data did show a high
correlation of the high gain asymptote parameter with poor ratings (Reference
2) but equivalent time delay, i.e., high frequency phase lag, dominated the
PIO-prone cases. Low values of HGAP would be expected to correlate with
PIO tendency.   In the original theory, it was pointed out that an adverse
constellation of roots  for the pitch rate transfer function was unlikely for
conventional aircraft, and that additional phase lags (i.e., equivalent delays)
would be needed to cause PIO.  Use of the ‘free L-alpha’ data promised to be a
way of incorporating some lag into the basic root array by shifting the lead due
to  to artificially high frequencies.  That technique also created negative
values of HGAP,  correlating with PIO.  However, since freeing  in the
matching process is quite artificial, and the resulting delay values are not
comparable with most studies, we do not present these data here.
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Low HGAP=PIO for Neal-Smith

Plotting the HGAP (with  fixed L-alpha) against PIO rating for the Neal-Smith
data does show a general trend of worsening rating with smaller HGAP but for
the other data bases the data did not show a clear correlation.
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HGAP and equivalent delay...
can HGAP help bad delays?

Plotting HGAP versus time delay for   fixed shows that Neal and Smith’s
configurations with high time delay in general also had low (theoretically bad)
values of HGAP.  There is a weak suggestion in the right eight data points in
this Figure that the PIO tendency of configurations with high delays might be
ameliorated by increasing HGAP.
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Can HGAP help bad delays in LAHOS
too?

The LAHOS data also contain this weak suggestion in the region where time
delay is between 0.15 and 0.2. The data are not conclusive enough to suggest
an actual requirement involving HGAP.   Further systematic data involving
HGAP variations are needed.
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Delays cause PIOs (Neal-Smith)

Equivalent time delay

Correlation of this parameter with PIO susceptibi lity has previously been
noted by researchers including Neal and Smith (Reference 6) and Hodgkinson
et al (Reference 2).  Our re-examination of the Neal-Smith data did confirm
the progressive increase in PIO susceptibility with increased delay. The other
data bases allowed only an indication of when tendencies towards PIO could
be expected.  The following Table summarizes the delay values:

Equivalent Delay

Data Source Tendency for PIO if delay exceeds: Definite PIO if
delay exceeds:

Neal-Smith 0.12         0.18

LAHOS 0.16         -

GLT 0.25        -
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Conclusions

• LOES parameters predict PIOs reliably

• Data bases mostly delay-dominated

• Low CAP for transports causes PIO

• Low Fs/n caused one PIO in Neal-Smith

• HGAP- intriguing interaction with delay?

Conclusions

Short-period equivalent system parameters offer many clues to longitudinal
PIO susceptibility.  In the data examined,  excessive equivalent time delay was
the chief culprit. For example, in the Neal-Smith data, every configuration
with a delay exceeding 0.116 seconds had a tendency to PIO.  Other
parameters correlating with PIO tendency included low equivalent damping
ratio and low stick force per ‘g’ for the fighter configurations,  and low
equivalent frequency for the transport.

These results suggest that meeting the military equivalent system requirements
would help to avoid PIOs.

The linear parameters used in most of the alternative PIO criteria and in the
equivalent system parameters in this paper evidently address only a part of the
PIO problem.  Future work needs to address the roles of non-linearities and of
structural dynamics.

Finally, the High Gain Asymptote Parameter (HGAP), based on linear
equivalent system parameters, shows some correlation with PIOs, and there is
some evidence that configurations with marginal equivalent delays may
benefit from larger values of HGAP.

The work in this paper was supported by Hoh Aeronautics, Inc. under their Air
Force Research Laboratory contract on PIOs, and by the Boeing Company.
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Recommendations to
Improve Future PIO

Simulations
Brian Stadler

AFRL/VACD
2180 Eighth St. Suite 1
Bldg. 145 Area B
Wright-Patt AFB, OH 45433
Phone: (937)255-6526
Fax: (937) 255-9746
E-Mail: Brian.Stadler@va.afr.af.mil

Why Important?

• Manned simulation is being relied upon ever more
• Virtual Combat Simulations

– Used to design and set aircraft system requirements
– Determine force mixes

• Simulation during aircraft development
– Assess vehicle and train pilots before flight
– Considered alternative to flight test!

• Classic use of simulation (control design tool)
– Assess aircraft handling qualities
– Iterate flight control design with pilot-in-loop

• Modeling and Simulation is perceived as a means to
reduce costs!!
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PIO Simulation Dilemma
• Historically PIOs not readily uncovered during

simulation experiments
• Often found in flight test and then repeated in

simulator
• Several types of PIO initiated for different reasons

– Category I:  PIOs by linear phenomena, phase loss,
• Empirical Criteria Exist
• Correlates to bad handling qualities

– Category II: PIOs caused by non-linear phenomena, rate
limiting position limiting, gradient breaks

• Criteria under development
– Category III: PIOs caused by mode switching

• PIOs generally occur when pilot is high gain and
working hard at a precision task.

PIO Simulation Background

• AFRL/VA PIO Simulation Objectives:
– Attempt to determine reasons why ground based simulations do

not readily uncover PIOs during development
– Use a known flight-test truth model to conduct comparisons to

ground based implementation
– Attempt to develop a methodology to uncover potential PIOs in

aircraft more reliably via simulation

• Two truth models:
– HAVE PIO: USAFTPS-TR-85B-S4
– HAVE LIMITS: AFFTC-TR-97-12

• Want simulations to correlate better with flight test
– What do we mean by correlate?
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Simulation Facilities Used

Large Amplitude Multi-Mode
Aerospace Research Simulator
(LAMARS)

• 5-DOF Simulator

•McFadden Feel Sy stem

•20ft Diameter Sphere on end
of 30 ft beam

•Wrap around visuals

•HUD

Mission Simulator 1 (MS-1)

• Fixed Base, 40Ft Dome

•McFadden Feel System

•Wrap around visuals

•HUD projected

HAVE PIO Phase 1Tests

• HAVE PIO Phase 1 Tests
– Eighteen different configurations
– Linear sources of PIO
– LAMARS (w/wo motion) and MS-1
– Power approach task only
– Priority on replicating NT-33 tests as accurately as possible

Desired Touchdown Point:
Xnorth = 306520 feet
Yeast = -37895 feet
Altsl = 51 feet
Heading = 273 deg

N
W

500
ft

500
ft

Centerline Starting Point:
Xnorth: 306526
Yeast: -2600
Altsl: 600
Mach: .3
Heading: 270
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HAVE PIO Phase 2 Test

210

80

2.5 deg Glide Slope

Pylons were added to the landing
task to force pilots to fly a
particular path and to hi-light the
touchdown point.  Left, Right, and
Centerline Py lons sets were used.

HAVE PIO Phase 2 Tests
•MS-1
•Power approach only
•Assessed simulation tweaks

•Stick Gain
•Time delay
•Winds/Turb/Gusts
•Pylons

HAVE LIMITS Tests

• HAVE LIMITS Tests
– LAMARS with motion (retune)
– SOS and Calspan Discrete task
– Attempt to correlate with NT-33 Test
– Core of an expanded database
– Changed HUD Symbology from NT-33
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Results
• HAVE PIO

– Able to generate Category I PIOs in simulation
– Desired correlation between flight and simulator per

configuration not achieved
– Data trend: good was good, but bad was not as bad

• HAVE LIMITS
– Initial tests uncovered problems with model replication

between what occurred in-flight and what was
integrated on simulator

– Category II PIOs replicated in simulation
• Wanted direct correlation with flight test for each

configuration or predictable variation across
Cooper-Harper and PIO Rating Scales

Reason for Differences

• Fundamental difference between handling qualities
evaluations and PIO experiment
– Evaluating a configuration versus searching for defects

• Pilot variability even a larger factor in PIO experiments
– Large variations not unusual
– 3 Pilots do not a make a sufficient sample space
– Pilot technique

• Briefing Techniques
– This has an effect:  Reviewing PIO charts, definitions

• Task Definitions
– Already difficult to match reality

• It’s a simulation!!!!!!!!
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PIO Testing
• Hypothesis:  Fundamentally different from

standard handling qualities testing
• During HQ testing pilots are rating the

configuration as is, not actively looking for
deficiency
– If we run into PIO great, if not, no PIO
– This does not imply configuration is not PIO proof

• PIO requires an active search
• Test matrix and task development require much

more attention and care
• Need real-time measure of pilot effectiveness

during task to keep honest (RMS , Touchdown
dispersions)

Task Generation

• PIO Testing requires closed loop high gain tasks that
stress pilot/vehicle system

• Approach Task Too Open Loop
– Suggest use of pylons, ILS needles
– Measure pilot performance along path
– If pilot doesn’t land is that a CH 10???!!!

• Discrete Tracking Task
– Works well in simulator
– Pilots game system so variations must be used to avoid learning
– Requires Tuning, we found pilots could trip into PIOs especially in

one region!

• Remember: It’s a simulation
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Tracking Task
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Gotcha Region

Pilot had rated this  pitch
configuration (2DUR30) in
earlier runs as a CH-2
PIOR-1.  During this run a
rate limited roll was added
to increase workload.

Pilots

• Natural variability puts pressure on other parts of PIO te
– Need more than 3 pilots, but not just for statistics
– High/Low Gain, Golden Arm, The guy who hates simulators

• Shouldn’t fly more than an hour !
– Fatigued pilots good for PIO generation but bad evaluators
– Fresh pilots make good evaluators but poor PIO generators
– When pilots refer more and more to previous runs, break!!!

• Need to keep aggressive by any means necessary
– RMS feedback worked well, but when do we give to pilot?

• Need to reset pilots often
– Good->Bad, follow really bad config with a good config
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Pilot Briefing
• Critical to success of any test.

– Not all Test Pilots have seen a PIO
• Define PIO

– What is a bobble? What is an oscillation? Overshoot?
– Does backing out of loop imply PIO and what to do?

• Define tolerable/intolerable workloads and define
adequate and desired.
–   Some pilots definitely have a distinct definition of these.

• Pilot ratings in a simulator
– Level 1 ratings reserved, psychological block
– Some pilots won’t even give a CH-10!!!!
– Pilot can crash in a plane but not in a simulator

Simulation Motion

• Motion versus no-motion
– Well tuned motion helps
– Extra cueing to pilot, especially of AZ phasing
– Give hint to pilot if something is not right

• Lack of motion puts pilot reliance on visual cueing
– Hard to discern rates of descent
– Visual detail limitations
– During air-to-air tracking scenery isn’t important anyway

• Hard to determine value due to interpilot/intrapilot variability
– Can’t really determine worth via Cooper Harper Ratings
– Pilot comments have been extremely positive

• If good motion doesn’t help does bad motion really
hinder?
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Motion Work

SMTD Washout Tuned Linear Washouts New Non-Linear Drive

Objective: Maximize Acceleration Recovery
Use the most motion travel w/o hitting limits
Minimize False cues with proper phasing

Non-Linear: Uses Fuzzy Logic Approach
Uses Predetermined Braking and Return Profiles
Uses Human Thresholds and Indifference Levels

Az Aircraft

Az Recovered

Time TimeTime

ft
/s

ec
2

ft
/s

ec
2

ft
/s

ec
2

Wrap Up

• Simulation ≠ Replication!!!!!
– Attempting to replicate flight test results dubious effort

• PIO simulations require extra effort in other areas
– Not asking do you like this or not?
– Asking, did you find a problem

• The more pilots the better
• Test setup and pilot brief can do more to trash results

than simulation artifacts
• Task design critical.  Can only do so much to simulator
• Motion use recommended, but must be properly tuned t

be of benefit

89



Analytical Time Delay
Measurements
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Total: C4 77-110msec
           SG 52-119 msec

Measured Time Delays

• Two types of delay measurements in simulators
– Time Domain: time to wiggle to time  to response
– Frequency Domain: Sum-of-Sines phase delay
– LAMARS freq domain tests accomplished on motion while both freq and

time measurements were done on visual
– MS-1 only time domain tests were done on visual

• LAMARS Measured Visual System Delays
– Compuscene transport delay: TD=88msec
– Compuscene End-to-End: TD=108-124msec  FD=72msec
– HUD End-to-End: TD=69-153msec

• MS-1 Measured Visual System Delays Time Domain
– Compuscene transport delay: TD=75msec
– Compuscene End-to-End: TD=94-111msec
– HUD End-to-End: TD=69-153msec
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Tracking Task
Pitch Command
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Motion Work

Pilot Station Sensor Package:
2 Accelerometers Az, Ay

3 Rate Gyros

6 Video Channels 5-DOF Cab pitch, roll, yaw,

heave, and sway

• Conducted parameter identification of all servo-axes.

• Developed new beam compensation terms.

• Retuned linear washout terms.
– Used new terms during HAVE LIMIT testing

• Non-linear washout scheme developed for AZ cueing
– Implemented tested using Capt. Chapa as test subject

– Initial feedback good both subjective and analytical
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APC/PIO Workshop

NASA Dryden Flight Research Centre
Edwards, California

6-8 April 1999

Graham Weightman,  JAA (UK CAA)

APC/PIO Workshop
Dryden Flight Research Centre, 6-8 April 1999

• Initial discussions with FAA in the JAA Flight Study
Group (FSG) on proposed APC text for draft revision to
FAA Flight Test Guide (AC 25-7X) beginning early in
1996

• JAA submitted comments on AC 25-7X (September 1996)

• Further discussions on APC in FSG (reference Flight
Working Paper 599 prepared by FAA)

• JAA has reserved the APC text for the first issue of the
JAA Flight Test Guide (based on AC 25-7A and to be
published for comment shortly) pending further work
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APC/PIO Workshop
Dryden Flight Research Centre, 6-8 April 1999

• FSG established an ad-hoc Sub-Group to work with FAA
on harmonised guidance material for APC

• FAA (Mel Rogers) invited to chair Sub-Group

• First “kick-off” meeting in Braunschweig, Germany in
January 1999.  CAA, LBA, DGAC/CEV, FAA,
Aérospatiale, Airbus and Boeing/AIA present

• Intention to work largely by E-mail

• Target: Draft revision of FWP 599 by June 1999

108



PIO Flight Test Experience at
Boeing (Puget Sound)

--and the need for more research

B. P. Lee

Airplane Handling Qualities

Boeing Commercial Airplane Group

Seattle, WA

April, 1999
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Introduction and Disclaimer

• This presentation represents a snapshot in
time with regard to Boeing’s flight test
experience with Pilot-Induced Oscillations.

• The information contained herein is
presented in the hope that in sharing
technical information, safety can be
enhanced through cooperative focus of
research, and reduced duplication of efforts.
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Agenda

• Boeing Flight Test Evaluations
– Aircraft Scope

– Data Collected

– Maneuvers Used

• Need for further work
– Controller Characteristics

– Nonlinearities in Response

– Pilot Aggressiveness

This presentation consists of two parts.

The first is intended to let the technical community know about Boeing
(Commercial) flight test activity with respect to PIO.  The scope of aircraft
models tested, the kinds of data collected, and experience regarding various
specific evaluation maneuvers will be discussed.

The second part of the presentation contains suggestions for focus areas in which
the current state of analytical techniques is not adequate to address many very
real situations which arise in the testing of large commercial jet transport aircraft.
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PIO Testing History at Boeing

• Specific Evaluations carried out since 1995
– 777-200 737-700

– 777-300 737-800

– 757-200 757-300

• Plan to include other models at “windows of
opportunity”

Boeing Commercial Airplanes takes Pilot Induced Oscillations very seriously
and endeavors to understand the phenomenon to insure that its products do not
exhibit these adverse characteristics.  Since 1995, Boeing has undertaken to
evaluate a number of airplane models, and have a plan in place to evaluate others
as opportunities present themselves.

As can be imagined, fully instrumented airplanes are not always easy to come by,
so data is acquired whenever it is available.
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Intent of Generic Test Program

• Evaluate Each Boeing Airplane Model

• Collect Data
– End-to-End Open Loop Dynamic Response

– Control System Response

– Qualitative Evaluation During High Gain Tasks

– Quantitative Evaluation During High Gain
Tasks

• Document Lessons in Design Requirements

At the outset, Boeing conceived a generic test program which had the intent to
conduct specific evaluations for PIO tendencies on each Boeing airplane model.

These evaluations were multi-faceted and intended to acquire four different types
of data.  These included:

•end-to-end open loop dynamic response

•conrol system response data

•quali tative evaluation during high gain tasks

•quantitative evaluation during high gain tasks

In addition to collecting the data, the results of the testing and subsequent
analysis would be documented as lessons learned in internal design requirements.
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Maneuvers Flown

• Frequency Sweeps

• Control Doublets

• Control Releases

• Close Formation

• Constant Altitude flybys

• Lateral S-Turns

• Vertical S-Maneuvers

• Offset Landings

• High Altitude Cruise

• Low Altitude Cruise

• Approach

• Landing

Maneuver Flight Condition / Configuration

The primary maneuvers in the generic plan are shown on the chart.

Open loop airplane and control system response data and the qualitative close
tracking task (formation flying) is collected at high and low altitude cruise,
approach, and landing conditions.  The runway work is done only in the landing
configuration.

Open loop response data collection, consisting of frequency sweeps, control
doublets, and control releases are self explanatory, and not described further.
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Formation Flying - Box

 20 Feet

 10 Feet

 20 Feet

 10 Feet

 20 Feet

 10 Feet

 Hold at Corners 
for 20 Seconds

Lead Aircraft

A number of specific maneuvers have been used as close tracking tasks in up and
away flight.  One of the most effective has been close formation flying.  A
particular difficulty in implementation of this technique is that it is mostly
quali tative in nature.  Accurate measures of  pilot-in-the-loop performance and
and ways to adequately feed it back to the pilot have not been identified.
Although discussions of over-the-shoulder cameras, heads-up displays, and
differential GPS installations have taken place, none have as yet been
implemented.

One maneuver used as a piloting task is the formation box maneuver, shown
here.  Once the pilot is established in a close refueling position (thought of as the
center of the box), the pilot is asked to rapidly and aggressively acquire a new
position 10 feet to the right.  This new position is to be held as closely as possible
for 20 seconds at which time the pilot is asked to acquire a new position 20 feet
below the last.  This is similarly held for 20 seconds.  The maneuver proceeds
around the “box”.  This maneuver combines a gross acquisition task with close
tracking in a very high gain environment, and combines both longitudinal and
lateral-directional axes.

The inset shows flying this maneuver with a 777-300 flying against another 777-
300.
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Formation Flying - Cross

10 Feet

Hold at Ends
for 20 Seconds

Lead Aircraft

A second maneuver used is the formation cross maneuver.  Execution of this
maneuver is similar to that for the box.

One element which makes these maneuvers interesting in flight is that the trail
airplane is flying in a curved flowfield.  What this means is that to hold at the
lateral ends of the cross requires flying in sideslip, which adds to pilot workload.

The inset shows this maneuver being flown in a 777-200 against a 747-400.
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Trail Position- Flaps Down

When transitioning to the approach and landing configurations, the lead aircraft
also transitions in order to match flight speeds.  Shown here, the trail pilot is
looking rather directly at the upper surfaces of the very large triple slotted flaps
of the leading 747.

Now while the vertical tail of the trail airplane is certainly immersed in the wake
of the lead airplane in all conditions--and the buffet is noticable--the wake grows
considerably for these flap down conditions.  This increased the workload for the
777 airplanes, but the attendant buffeting was simply unacceptable for the
shorter, lighter 737 airplanes.  The task was not possible given the severity of the
buffeting for that (737) airplane.  So the entire task was moved to the wingtip of
the lead airplane.
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Formation Flying - Wingtip
Maneuvers

Also:
Follow Wing Tip
as Lead Turns

20 Feet

Also:
Altitude Up and Down
20 Feet Maintaining 
Lateral and Longitudinal Position

While the wingtip formation maneuvers were planned for all airplanes anyway, it
was discovered that this was the only practical position to evaluate the flaps
down conditions for the 737.

The wingtip maneuvers are shown here, including transitions fore and aft, in and
out, and up and down.  In addition the trail airplane was asked to follow the lead
through turning maneuvers, keeping station on the wing tip.

These maneuvers proved to be very demanding.  Compared to the refueling
position, the wingtip position provided a much smaller target (the wing tip itself),
which the pilot could see with better precision, and the target was much more
active.  Especially as the leader turned, the wingtip moved around significantly,
generating a very demanding tracking task.

The inset shows a 777-200 flying against the 747-400 in the wingtip position.
The evaluation pilot is focused very intently on what the lead aircraft is doing.
The situation is just as dramatic when viewed from the lead aircraft.
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Close Wingtip Position

This is a 737-700 being flown against a 737-800.  The distances are short, and
pilot gain is very high.
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Formation Flying Summary

• Single Highest Gain Task

• Maneuvers Combine Acquisition with Tracking

• Learned Task Requiring Experience

• Wingtip Tracking Probably Most Effective

• Difficult to Measure Performance (and Feed Back to
Pilots)

– DGPS in the Future?

• Difficult to Enforce Performance Requirements

• Difficult to Get Consistent Level of Aggressiveness

To summarize Boeing experience with close formation flying as a maneuver to
explore APC tendencies, it can be said that it provides a very high gain task
which combines gross acquisition with tight tracking.

At the same time, it is very difficult to measure the pilot/vehicle performance and
feed that back to the pilot in a meaningful, quantitative way.  In addition, and
perhaps because of the lack of performance information, it is very difficult to
achieve consistency in aggressiveness across several evaluation pilots.
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Constant Altitude Flyby

• Intended to “Extend” the Flare for Analysis

• Involves both Acquisition and Tracking
– Fly ILS to 50 Feet

– Flare and Maintain 50 +/- 10 Feet for Length of
Runway

– Maintain Centerline

– PNF Calls Radar Altitude

Another set of maneuvers used to explore APC tendencies has involved flying
close to the runway.  Originally, the flyby task was conceived to provide insight
into the pilot/vehicle combination in the flare.  Upon examination, if done
properly, a flare maneuver takes only a few seconds.  On large transports with
natural frequencies on the same order, it is difficult to gain much understanding
about the interaction.  So this maneuver was conceived to provide an extended
time period for data gathering.  The maneuver involves acquisition and tracking
in a high precision environment.

The pilot is asked to flare and maintain 50 +/- 10 feet for the length of the
runway.  Typically, the pilot will close a loop around radar altitude, with the pilot
not flying calling radar altitude continuously.  During the maneuver, the pilot is
asked to maintain the runway centerline.

It was discovered that the most difficult part of the task was making the power
adjustment in the round-out.  Too little power and airspeed would bleed away in
the level segment; too much, and the airplane would accelerate or climb.

Pilots descried the task as challenging but not impossible.
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Flight Performance

• Pilots Characterized Task as “Demanding, but not
Impossible”

• Power Setting in Flare Requires Precision

An example time history shows that the desired performance level could be met.
It is interesting to note that at the particular runway used for this test, there is a
“hump” in the runway at about the midpoint.  That is to say that the runway
elevation is higher in the middle than on either end.  With the pilot closing on
radar altitude, the maneuver proceeds nicely until that point, at which time a
power adjustment is required as the runway “falls away” from the airplane.  This
“feature” in the local topography provided a convenient increase in workload for
the pilot flying the task.
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Comments on Use of Simulation

• Most Valuable for Pilot Familiarization and Practice of
Maneuvers

• Easy to Measure Pilot Performance

• Lack of Cues Makes PrecisionTasks More Demanding

– Depth Perception

– Visual Acuity/Scene Content

– Motion

• Lack of Urgency Allows Higher Pilot Gain

• PIO Results are Largely Inconclusive

At this point, a small diversion into the subject of the use of simulation is in
order. Boeing uses engineering simulation, with pilots in the loop, both fixed and
moving base for this kind of testing.  As a result of this experience, these sessions
are seen as more valuable for pilot familiarization with the task than for
collecting data regarding APC tendencies of a particular configuration.

While it is easy to measure and feed back pilot/vehicle performance in the
simulation,  there are a number of deficiencies as well.  On-ground simulation is
simply not the same as flight.  A number of pilot cues, which may or may not be
important for a given APC evaluation are lacking or of insufficient quality.  In
addition, the pilot knows it is a simulation, and so there is a general lack of
urgency.  Pilots have been seen to make control movements in simulation which
they simply would not do in flight with a large transport.

Based on this experience, PIO results from simulation alone are considered
largely inconclusive.
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Simulation / Flight Performance

Simulation Flight

One example is shown in this comparison.  On the right is the in-flight result
from the straight fly-by maneuver shown previously.  On the left is a time history
taken in a fixed base simulator.  For whatever reason, the pilot is simply not able
to fly the required task in the simulator.

Use of simulation can certainly flag the potential for untoward tendencies, but
the effects of myriad cueing issues are yet unanswered. As a result, ground-based
simulation is not yet seen as a viable substitute for flight testing.  However, it is
quite valuable in getting pilots familiar with the maneuvers involved and useful
as a tool to explore maneuver set up, etc.
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Lateral S-Turns

• Intended to Increase Workload
by Adding Axis
– Fly ILS to 50 Feet

– Acquire as Rapidly as Possible
one Runway Edge Line

– Acquire as Rapidly as Possible
the Opposite Edge Line

– Repeat for Length of Runway

– Maintain 50 +/- 10 Feet

– PNF Calls Radar Altitude

In an attempt to increase the workload encountered on the fly-by maneuver,  an
additional task was superimposed.  The lateral S-Turn maneuver asks the pilot to
proceed as in the flyby, except once established at 50 feet, the pilot should, as
rapidly as possible acquire alternate runway edge lines and continue for the
length of the runway.

This is a very impressive maneuver for an airplane with a 200 foot wingspan at
50 feet above the runway.
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Vertical S-Maneuvers
• Further Increases Urgency

– Fly ILS to 50 Feet and Capture 50 +/- 10 Feet

– Acquire as Rapidly as Possible 30 +/- 10 Feet

– Acquire as Rapidly as Possible 70 +/- 10 Feet

– Repeat for Length of Runway

– Maintain Centerline

– PNF Calls Radar Altitude

50 Feet
30 Feet70 Feet

An additional increase in urgency was achieved when the pilots were asked to
perform a vertical S-maneuver.  Again leveling at 50 feet, the pilot is asked to
rapidly and aggressively acquire 30 feet and 70 feet alternately.  While this is a
single axis task, urgency is very high in a large airplane maneuvering vertically
close to the ground.
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Offset Precision Landing

Fly ILS at
2 Dots Offset
2 Dots High

Correct at 250 AGL

Land On Centerline
In Touchdown Zone

The offset precision landing is a maneuver used by most testing organizations to
investigate PIO tendencies, and Boeing has used it as well.  The familiar set-up
for this maneuver is to align on the drainage ditch beside the runway at Buffalo,
NY, as used by Veridian/Calspan.  Most airports do not have this convenient
landmark, however, so Boeing has adopted a multi-axis task which involves
flying the ILS intentionally offset.  The offset chosen is  2 dots laterally and 2
dots high.  At 250 AGL, the pilot is asked to correct to the centerline and land in
the touchdown zone. This is a very challenging maneuver at low altitude.
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Flyby / Landing Evaluation
Summary

• Combines Acquisition with Tracking

• Very Demanding Piloting Tasks

• Urgency is High Near the Ground

• Performance is Measurable / Readable

• Regarded by Some as High Risk

For the low altitude tasks, Boeing has chosen maneuvers which combine
acquisition with tight tracking in very demanding tasks.  Being close to the
ground increases the pilot’s urgency and thus pilot gain.  Because the target (the
runway) is fixed in space, it is relatively easy to measure quantitative
pilot/vehicle performance.

A consideration worthy of note is the proximity to the ground with a very large
airplane is regarded (properly) by some as high risk.  The risk of encountering
undesirable characteristics in such a situation must always be weighed in the test
planning process.
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Other Maneuvers in the Toolbox
• Flight Director Tracking

– Sum-of-Sines

– Steps-and-Ramps

– Log Frequency Sweeps

– Added Discrete Disturbances

• Bank Angle Captures

• Heading Angle Captures

• Lateral Pilot Handoff

• Full Rudder Sideslip in Ground Effect

• Constant Track Rudder Step

While the “generic” maneuver set is defined as above, a number of other maneuvers
have been used for specialized applications.

Flight Director tracking has been used in some cases, with a number of different input
functions.  In all cases, the pilot is shown only the error between commanded attitude
and actual attitude, forcing a compensatory tracking scheme.  Log frequency sweeps
provided both insight and broad frequency coverage for future analysis.  The ability to
insert discrete disturbances into the flight director signal also provided additional insight.

Bank angle and heading angle captures are standard evaluation maneuvers.  The lateral
pilot handoff involves one pilot initiating a rolling maneuver, relinquishing command of
the airplane to the other pilot while at the same time calling out a bank angle to capture.
This is essentially a bank angle capture initiated from a non-zero roll rate.

Full rudder sideslips in ground effect are an attempt to investigate a landing de-crab
maneuver in much the same way that the fly-by allowed investigation of the landing
flare.

The constant track rudder step is an up-and-away maneuver in which the pilot inserts a
rudder step and flys track (on the nav display) with wheel.  This maneuver turned out to
be very difficult to fly.  While it is essentially a transition from crab to slip as in a
crosswind landing, it proved unnatural to perform up and away on instruments.
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Flight Test Evaluation Summary

• Boeing has Extensive Experience Flight Testing for PIO

– Several Hundred Hours of Testing

– Six Different Models

– Large Number of Manuevers / Techniques

• No Single Maneuver / Technique has Proven to be
Effective for Exposing PIO Tendencies

• Most Effective Testing Strategy Appears to be Careful
Diligence During Normal Test Flying

• Prudent Handling Qualities Design Appears to be Effective
for Prevention

• Evaluation Process Continues to Evolve

Through several hundred hours of flight testing to evaluate PIO tendencies over a
large number of airplane models and involving a large number of specific
maneuvers, no single maneuver or technique has proven to be effective for
exposing potential PIO tendencies.  The conclusion from this is that the most
effective design strategy appears to be prudent attention to fundamental handling
quali ties design while the most effective testing strategy appears to be careful
diligence during normal test flying.  The testing which is done for development
and certification of a transport airplane provides significant opportunities to be at
remote corners of the flight envelope and investigate airplane characteristics.

Even so, the evaluation process continues to evolve and more new information is
learned with each additional test program.
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Response Linearity
Fw     δw

δw      δs

δs      φ’’

Fw

δw

δw

δs

δs

 φ’’

Moving from generic testing to identifying challenges for future work, this chart
depicts a number of steps between the pilot’s application of force to an inceptor
and the airplane response.

In the upper left is a (crude) depiction of a column/yoke.  As the pilot applies a
force (Fw) to the wheel, the wheel would be expected to move.  Moreover, as the
sketch below it shows, it is normally assumed that there is some linear
relationship between applied force and wheel deflection (δw).

For mechanical or displacement command systems, that displacement of the
wheel should result in a corresponding displacement of an aerodynamic surface
(δs), as depicted in the center sketch.  Again, it is typically assumed that there is
a linear relationship between controller displacement and surface displacement,
as in the sketch in the upper right corner.

Finally, a surface displacement (δs) is expected to result in  an acceleration of the
airplane, in this case, a roll acceleration (φ’’).  In most cases there is a goal to
achieve a linear relationship between these two as well, as shown in the lower
right sketch.

These assumptions of linearity form the basis for the use of frequency domain
analysis to study airplane dynamics and PIO.
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Real World (Non)Linearity
Fw     δw

δw      δs
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δsp

Unfortunately, the real world does not always conform to these assumptions.

In the presence of system friction, the control force to controller displacement
relationship exhibits discontinuities and hysteresis. (lower left).

Modern transport airplanes typically use a combination of aileron and spoiler
surfaces for roll control, each of which may be scheduled on different deflection
curves, have different rate capabilities, etc. (upper right)

Finally, though a linear roll rate capability is desired, it is rarely achieved in
practice.

Each of these sources of nonlinearity causes difficulty in application of the
typical analysis methods for PIO which are found in the literature.  To focus on
the need for methods to accommodate these characteristics, each is discussed in
detail in what follows.
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Controller Characteristics

Fw

δw

Friction

Breakout
Force

Control 
Centering

Starting at the pilot’s fingertips, while most agree that linear force/displacement
characteristics are desirable, all control systems have friction.  In particular, large
transport aircraft with mechanical control systems can have friction levels which
are not trivial.

One thing that friction brings is hysteresis.  In order to achieve some degree of
control centering,, a breakout force is typically added.  This breakout essentially
offsets the force/displacement curves around zero, allowing the wheel to return to
the center position when no force is applied.
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Friction Generates Gradient
Ambiguity Around Detent
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Friction
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Force

Detent Gradient

Control Gradient

The presence of this breakout produces a force/displacement discontinuity.  The
presence of a slope change can have detrimental effects on pilot predictability.
The pilot loses his sense of how much force to apply to get a desired
displacement.  Moreover, the slope discontinuity is right in the center of the
control operating range, where the pilot works the most.  This can make small
displacements, e.g. those required for tight tracking around neutral wheel,
difficult for the pilot.
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Gradient Ambiguity Away From
Detent is Function of Amplitude

Fw

δw

Away from the detent, the presence of friction and the associated hysteresis
causes a similar gradient ambiguity.  Moreover, the degree of ambiguity is a
function of the size of the input for a given friction level.

This is significant for example in a decrab maneuver for a crosswind landing.
The gradient of the force required to move the wheel a given amount in each
direction around a (non-zero) trim point depends on how big the input needs to
be.

Again, predictabil ity from the pilot’s point of view is compromised.
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Dynamic Inertial Effects on
Controller Characteristics

The static force/displacement characteristics of the controller are only part of the
story.  Since the control system itself has mass (and large transports can exhibit
significant mass characteristics), the force/displacement characteristics vary as a
function of the frequency or speed at which the control is moved.

What is shown is force vs displacement at near zero frequency and another sweep
at significantly higher frequency. It is clear that the two curves are significantly
different.  The center detent is not even evident in the high frequency case, the
slope of the return (long lower path going from right to left) at high frequency is
not similar to the near zero frequency case, and there are some non-linear
characteristics near the ends of the travel.
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Dynamic Inertial Effects Depend
Also on Path (History)

Now, the high frequency sweep on the previous chart was taken from the middle
of a log frequency sweep.  Had a single high frequency sweep been undertaken
from a standing start, the force/displacement curve would have looked different
yet.  All of this is because the control system itself has mass and inertia.
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Dynamic Inertial Effects on
Controller Characteristics

The end result is again a question of predictability.  At any given time in the
flying of an airplane, the pilot needs to have some idea of how much force to
apply to the controller to get to move to where he wants it to go.  These dynamic
characteristics cloud the issue and contribute to ambiguity.
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Control Activity on Final
Approach

What this has to do with real flying of airplanes is shown here.  This is a time
history of wheel position for a normal approach to landing.  Wind was light,
turbulence was not a factor.

What is unique about this is the pulse-like character of the wheel inputs.  At the
left hand side note the quick pulse as the wheel moves more than 15 degrees,
then is taken back to zero in about a half second.  This is followed by an equal
pulse in the other direction.  After a period of quiescence, the sequence is
repeated at roughly twice the amplitude, still with very short duration.
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Pilot / Controller Interaction

Just why this is happening can be further understood by examining the
corresponding pilot force inputs.

Note that between the first and second position doublets, where the wheel is
approximately zero, the force is not.  In fact the pilot tried to move the wheel.
There is a brief 5 pound input in which the wheel did not move.  This is followed
by a larger, nearly 10 pound input which generated the larger wheel deflection
(upward on this plot) which the pilot immediately removed, and corrected in the
other direction.

In this case, the wheel feels “sticky” to the pilot and small, smooth inputs are
difficult.  This degrades precision of control.

140



Effective Controller
Characteristics

A phase-plane representation of the same sequence is overlaid on the near-zero
frequency force/displacement plot for the same configuration.  This illustrates the
lack of predictability which is generated by inertial characteristics of the control
system itself.

The result is that at any point in this dynamic maneuver, the pilot is unable to
predict how much force to apply to generate what wheel position.

These kinds of controller effects are not adequately dealt with in the l iterature,
and represent an area which is ripe for investigation.
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Determine “Best” Controller
Characteristics Set

• Given Minimum:
– System Inertial Characteristics

– System Damping

– System Friction

• With Constraints on Maximum:
– Force at Stop

– Power to Drive System (Pilot Qualitative Input)

• Find Desirable Combinations of Breakout,
Gradient, and Damping

These were dealt with at Boeing in the following way.

It is understood that the control system has a minimum inertia, damping, and
friction.  Any modifications cannot change those, although additions to each
would be possible.

In addition, there are constraints on maximum force at the wheel stop
(regulatory) and on the power to drive the system (e.g. if friction or damping get
too high, pilots will be easily fatigued by simply moving the wheel around).

The challenge was to find desirable combinations of these parameters to improve
the pilots ability to make smooth, predictable control inputs.

142



Human Centered Design
 The Experiment

An experiment was designed for a high fidelity simulation in which the control
loader characteristics could be changed to reflect the changes in the parameters.
This is a time history of the wheel deflections commanded in the study.  The
pilots were asked to position the wheel according to this scheme.

This did not involve “flying” an airplane model at this point.  It was simply a
one-dimensional task to see if some combinations of friction, damping, and
inertia were better than others for the pilots’ ability to precisely position the
wheel.

In looking at some results, the time period just after the full left wheel input will
be examined.
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Human Centered Design
Some Results

Some sample results are given here.  In the time history plots, wheel position is
on the top, wheel force is on the bottom.

For the configuration on the left, it is clear that the pilot was able to achieve the
desired wheel positions accurately and quickly with little overshoot.  Good
damping is seen on the lower force trace, wherein the pilot used a small but well
damped oscillatory force input in order to get a good square shaped response.

For the configuration on the right, it is just as clear that the pilot is having
difficulty achieving the desired wheel positions.  The force oscillatory at the
corner points is not as well damped as before, and larger in magnitude.
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Application of Results

• “Best” Configurations (and one “Bad” one)
Flown in Simulation for Pilot Opinion

• Best of Those Configurations Flown in
Flight Test

• ...Results Indicate Improved Pilot Opinion,
Improved Precision (Pilot Performance),
and Less Structural Excitation

With the results from the single axis wheel positioning task, the “best”
configurations were flown along with an airplane model, still in simulation,
asking the pilot to perform operational tasks.  This was also done with one
configuration deemed “bad” by the single axis task, just to insure that the first
results were not misleading.

The best combinations of friction, damping, and inertia from simulation were
flown in flight test (airplane systems were modified to match the characteristics
determined in simulation).

The results of the flight testing indicated that pilots did indeed both prefer the
new feel configuration and found that it afforded them a higher level of precision
in their maneuver performance.  An unexpected benefit was the realization that
with the new configuration maneuvers could be flown with less structural
excitation.
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System Response Characteristics
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δw

δa

δsp

As was mentioned earlier, on modern jet transport aircraft, the roll control
surfaces are often scheduled separately as a function of controller deflection.
Ailerons and spoilers are often actuated on different schedules and with different
rate capability actuators.

146



Effect of Frequency on System
Performance

The presence of rate limits in any element of the system generates ambiguity
with respect to surface position which is a function of the frequency of the
controller motion.

Shown here is controller position vs surface position.  For the near-zero
frequency case, the relationship is indeed close to linear.  However, at larger
frequencies, particularly past that required to saturate actuator rate limits, the
relationship becomes more ambiguous.

To the pilot, this means that at any point in time, the surface position may not
correspond to the controller position.
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System Response Linearity
Phase Delay is Amplitude Dependent
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For cyclic motion of the controller, the rate limits are reached at different
frequencies for different amplitudes of motion.  This will show up as a non-
constant phase delay parameter as a function of controller deflection.

Shown here are results of frequency sweeps done at three different amplitudes,
indicating that at larger deflections, the apparent phase delay can become
significantly larger than at lower deflections.  This can come as a surprise to the
pilot who had predictable characteristics with smaller deflections.
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Aerodynamic Response Linearity
Generates Gradient Ambiguity

δs

φ’’

The final element in the nonlinear control response story is the aerodynamic
response to surface deflection.  While it is desirable to achieve a linear response
to surface deflection, such is simply not always the case.

For the same reasons that the control force characteristics produce ambiguity,
discontinuities in aerodynamic response do as well.  For example, consider a
pilot holding a sideslip requiring a surface deflection between the two yel low
points. Correction for gusts which may force a deflection which crosses one or
both points,  will result in the pilot geting less response than was commanded
based on the first seen gradient.  This lack of predictability can result in loss of
precision and frustration on the part of the pilot.
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The Result Is Really Difficult to
Analyze

• Modern Airplanes Have Many Nonlinear
Elements

• Pilots are  Quite Adaptable Controllers

• Current Theory is Inadequate for these
Cases

The end result of all of these nonlinear elements is of course that the real airplane
is really difficult to analyze with current methods.

Complicating the situation is the fact that pilots, and in particular test pilots, are
remarkably adaptable controllers.  They may compensate for these elements
without being aware that they are, and they may not be able to communicate to
the engineer the full consequences of the situation.

Finally, the state of the art in analytical techniques is not felt to be to the point at
which these elements can be addressed adequately, and in particular with regard
to PIO tendencies.
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Pilot / Management Perceptions

There’s a Fine Line Between:

Looking for a PIO

Proving That There’s Not
One There

Ultimately, the pilot is on the spot to pass judgment on PIO tendencies.

Often, the pilot (and sometimes managers who listen to them) will believe that
the engineer wants the pilot to induce a PIO.  In fact, the engineer usually wants
to demonstrate that the pilot will not induce a PIO.  The difference between these
two situations is often very fine.

In any case, encountering such an event is usually seen as an honest-to-goodness
out of control situation, which is generally considered not a good thing.  Arriving
at an agreed upon set of conditions which will both adequately explore the
pilot/vehicle combination and retain adequate safety margins is a very important
step in the process.

151



The Pilot is Part of the Equation

• Pilot “Gain” is Important in Closed Loop
Performance and Stability

• Pilot “Gain” is not Easily Controlled

• Standardized Evaluation Tasks will Require
a Consistent Level of Pilot Agressiveness

A very important part of the pilot/vehicle combination is of course the pilot
himself.  An important part of the stability of the combination is the pilot “gain”.
Unfortunately, most pilots don’t change their gain at will.  A few can increase
their gain when asked, but it is rare that a pilot, once in a “high gain” situation
can choose to reduce it.

If a standardized evaluation is to take place, there must be a way to normalize
pilot aggressiveness across pilots and across individual evaluations.  This is
essential precisely because of the extreme dependence of the result (PIO or no
PIO) on pilot gain.
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Techniques to Boost
Aggressiveness

• Maneuver Performance Requirements
– Extreme Precision in Performance

– Mandatory Control Positions (on stops)

• Urgent Flight Situation
– Close to the Ground

– Close to Another Airplane

• Consistency is Difficult to Achieve

Given what was said above about aggressiveness, it should be noted that there are
known ways of increasing an individual pilot’s gain in a given situation.  These
include maneuver performance control and control of the urgency of the flight
situation.

What remains uncertain, though is a way to achieve consistency.  Without that,
consistent evaluations will be difficult to achieve.
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Validation Dilemma

• Evaluations must:
– Identify PIO Prone Configurations

– Pass Configurations Which are Not PIO Prone

– Give Consistent Results Across Pilot
Populations

– Be available without undue cost/schedule
impact

• JAA/FAA/Industry are Working Together

What can be said about techniques for validating that a configuration is free of
PIO tendencies is what an evaluation criterion must do.

Accurate identification of PIO prone configurations is obviously an important
characteristic of any evaluation technique.

Equally important is the ability to pass configurations which are not PIO prone.
False positives can resul t in wasted time and energy in identifying unnecessary
solutions.

Any proposed evaluation technique must give consistent results across pilot
populations so that the results do not depend on which pilot does the evaluation.

Finally, any evaluation technique should be available without undue cost or
schedule impact.

The dilemma is of course that there is no evidence that an evaluation metric is
available which meets these criteria.

The good news is that the world’s regulatory authorities for transport aircraft are
actively working together to monitor the situation and act if appropriate.

154



Summary
• Boeing’s Experience in Testing for PIO is Extensive

– Generic Testing Program is in Place

– Database is Being Built / Lessons are Recorded

– Toolbox is Growing

– Effective Validation Maneuvers are Elusive

• Many Analysis Details are Available for Consideration

• Most Effective Prevention Strategy is Prudent Handling
Qualities Design Practice

• Pilots Are a Key Ingredient:  They Must be Involved

• Most Effective Testing Stragegy Appears to be Careful
Diligence in Normal Test Flying

• The Process Continues to Evolve
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Factors that cause Category I PIOs have received much attention over many
years, resulting in the development of many PIO prediction criteria.

More recently attention has turned to Category II PIOs, those that include non-
linear effects such as rate limiting. Other sources of non-linearity also exist in
an aircraft’s control system, however, these have received less attention.

This presentation discusses some recent experience with non-linear elements
in control systems, and their implications for flying qualities and PIO
susceptibility.
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Most flying qualities and PIO prediction criteria assume linear models for all
elements in the total control / aircraft system. That includes linear models of
the feel system, the mechanical linkages, the actuators and the aircraft
dynamics.

Category I PIO criteria concern only linear causes of PIO.

Category II PIO assume non-linearities due to rate limiting only, all other
elements in the total control / aircraft system are assumed linear.

While this may be reasonable for a first approximation, in reality all these
elements include some non-linearities. The total contribution of all these non-
linearities may become appreciable and so have important implications for an
aircraft's flying qualities and PIO susceptibility.

For example, hysteresis in the feel system is a well known phenomenon, and
yet its effect on an aircraft’s flying qualities are neglected when performing
linear analyses. To some extent its effects can be neglected if the analyses use
control inceptor position (as opposed to force) as the input. However, the
effects of the hysteresis should be taken into account elsewhere.  Current
criteria for this are lacking.
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When analyzing data obtained from pilot generated pitch axis frequency
sweeps a phase loss was identified at all frequencies in the Bodes of stick force
to aircraft response. It was suggested by Mr. Dave Mitchell that this phase loss
may have been caused by non-linearities in the control system, specifically
hysteresis.
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There are several categories of non-linearity that may be present in an
aircraft’s control system These may be represented by either simple or
complex describing functions1.

Simple non-linearities exhibit gain attenuation, but no phase attenuation. The
gain attenuation is independent of the frequency of the input, but dependent
upon the magnitude of the input amplitude. Examples include friction,
threshold and saturation.

Complex non-linearities exhibit both gain and phase attenuation. The
magnitude of the gain attenuation is dependent upon the magnitude of the
input amplitude, and may or may not be dependent upon the frequency of the
input. Examples of frequency independent complex non-linearities include
hysteresis, toggle and elementary backlash. Frequency dependent non-
linearities include backlash with Coulomb friction.

Various of these non-linearities may be present in an aircraft’s control system.
When added together, from the pilot applying a force to the control inceptor to
the aircraft responding, there may be appreciable gain and phase attenuation at
all frequencies.

1  Graham, Dunstan, and McRuer, Duane, “Analysis of Nonlinear Control Systems”, John

    Wiley and Sons, 1961
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Hysteresis is a well known non-linearity which is present in aircraft feel
systems. The effects of hysteresis will be discussed as a representative
example of control system  non-linearities.

Hysteresis is a complex non-linearity which produces gain and phase
attenuation independent of the frequency of the input.

In the following discussion the characteristics of hysteresis wil l be described
by the magnitude of the non-linearity ‘a’ and the magnitude of the input signal
‘A’.

The effect of the non-linearity in the time domain is evident in the figure. The
magnitude of the output is limited to ‘A-a’, and the output is lagged behind the
input, as well as the shape being modified.

The magnitude limiting causes the gain attenuation and the lag provides the
phase attenuation that is evident in the Bode plots.
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The sinusoidal describing function for hysteresis is shown graphically. The
magnitude of the gain and phase attenuation provided by the hysteresis is
simply a function of the ratio of the magnitudes of the non-linearity to the
input, ‘a/A’.

When ‘a/A’ is zero (i.e. zero deadband) there is no gain or phase attenuation.
As ‘a/A’ increases both gain and phase loss increase as the effect of part of the
applied force is now lost in the deadband zone (-a to +a). As ‘a/A’ increases
towards 1 (all applied force is in the deadband region) the gain and phase
attenuation approaches infinity, there is no output to the corresponding input.
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Although hysteresis is a frequency independent non-linearity, the attenuation it
introduces may vary with frequency indirectly.

The figure shows time histories taken from a typical piloted frequency sweep.
It can be seen from the figure that as the frequency of the pilot inputs increases
the magnitude of the inputs (‘A’) also changes. Generally, as the frequency
increases so does the magnitude, although this is not universally true.

The implications for the analysis of frequency sweep data is that the
attenuation introduced by any non-linearities may be affected by the
frequency/magnitude relationship of the input.
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The gain and phase attenuation provided by hysteresis is a function of the
magnitudes of the non-linearity ‘a’ and the input sinusoid ‘A’. During a
frequency sweep, such as that shown on the previous slide, ‘a’ remains
constant, but ‘A’ varies, possibly with frequency. The figures show the
variation in gain and phase attenuation with input magnitude ‘A’ for 7
different values of non-linearity ‘a’. Also included are lines of constant ‘a/A’,
taken from the sl ide before the previous .

For a constant deadband ‘a’,  as ‘A’ increases ‘a/A’ will reduce. This can be
seen by following a line of constant deadband, for instance the solid bold line
for a deadband of 8 lb (a = 4 lb either side of trim, to give a total deadband of 8
lb). For low force inputs ‘a/A’ is high, about 0.9 at 4.5 lb. As the magnitude of
the inputs increase ‘a/A’ reduces, so that at 6 lb input ‘a/A’ is 0.7, at 8 lb ‘a/A’
is 0.5 and at 13 lb ‘a/A’ is 0.3. As the force increases and ‘a/A’ decreases the
curves of constant deadband flatten. The change in gain and phase attenuation
with increasing applied force becomes minimal. Physically, this is because the
effect of the deadband becomes reduced as the available applied force ‘A-a’
becomes much larger than ‘a’.

The implications for piloted frequency sweep generated data are that the gain
and phase attenuation introduced by the non-linearities will be dependent upon
the magnitudes of the input, and to some extent will vary with frequency. This
makes the prediction of the effects of the non-linearities more difficult.
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The phase and gain attenuation introduced by non-linearities in the control
system will have implications for the flying quali ties and PIO susceptibility of
the aircraft.

The greatest attenuation will be observed when making small control inputs,
such as during fine tracking tasks. Susceptibility to PIO will be greatest for
these tasks.

Where possible, the non-linearities in aircraft control systems should be
minimized to reduce the attenuation effects they introduce.

When performing flying qualities analyze it is important to appreciate the
effects that control systems non-linearities have on an aircraft’s flying qualities
and PIO susceptibility. Linear analyses that exclude these non-linearities are
prone to error, and are likely to predict better flying qualities and lower PIO
susceptibility than the real aircraft will exhibit.
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Implications for Flying Qualities and PIO Susceptibility

• The phase and gain attenuation introduced by non-
linearities in the control system will have implications for
the flying qualities and PIO susceptibility of the aircraft

• The gain and phase attenuation will be greatest for small
control inputs, such as during fine tracking tasks

• Non-linearities in aircraft control systems should be
minimized to reduce these effects

• Caution must be taken when applying flying qualities
analyses
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Control system non-linearities introduce several implications for performing
flying qualities analyses. It is important that appropriate analyses are
performed and that criteria are applied consistently.

When analyzing aircraft models usually only the linear dynamics are
considered, and the non-linearities are neglected. Data obtained in-flight
represent the total non-linear aircraft. Care must be taken when comparing
results from analyses of the linear model and flight derived data. Additionally,
data obtained in-flight will be dependent upon the magnitude of the input.

The choice of whether to use stick force or stick position as the input for such
analyses will affect the results, since the feel system includes non-linear
effects such as hysteresis. Using stick position will limit the included non-
linearities.

The implications of analyzing data from the non-linear model (or flight
derived data) will be demonstrated against two popular flying qualities
analyses:

•  Low Order Equivalent Systems

•  Bandwidth Criterion

NASA Dryden PIO Workshop / 6-8 Apr 99  / EJF /
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Aircraft Models:

• Usually linear models are used. They do not include phase
attenuation characteristics of non-linearities

Flight Data:

• Complete non-linear aircraft. Data does include phase
attenuation characteristics of non-linearities

• The effects of the non-linearities dependent upon the
magnitude of the control inputs

Inceptor Force or Position?:

• Control inceptor force or position can be used as input.
Using position avoids the effect of the inceptor hysteresis, a
major contributor to the phase attenuation

• Elements between the feel system and actuator will be
present in both force and position analyses

Implications for Flying Qualities Analyses
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For a constant gain attenuation at all frequencies the only impact on the LOES
fit will be a lower gain factor. If the gain attenuation is not constant across all
frequencies then the poles and zeros may be affected, possibly resulting in
changes to the equivalent short period frequency and damping. Any phase
attenuation, regardless of whether frequency dependent or independent, will
result in different LOES matches between the linear and non-linear models.

A constant phase loss across all frequencies will likely be matched by an
increase in the equivalent damping ratios of the oscillatory modes (ζsp and ζph),
spreading the phase reduction across a wider (and so lower) frequency range.
If this alone is unable to provide sufficient phase loss it may also be necessary
to reduce the equivalent frequency of the oscillatory modes (ωsp and ωph).
Additionally the numerator term 1/Tθ2 may also move, partly to offset the
movement of the poles. The equivalent time delay term, Tθ, will be adjusted to
account for any high frequency offset that is either residual from or caused by
the movement of the poles and zeros. Note also that Tθ will also be affected if
there is any frequency dependent gain attenuation that causes movement of the
poles and zeros.

ωsp and 1/Tθ2 , are both factors in CAP. A PIO prediction criterion based upon
CAP and Tθ  has been proposed. Clearly, any inaccuracies in the prediction of
these parameters will affect the prediction of an aircraft’s susceptibility to PIO.
The likely effect of hysteresis is to increase an aircraft’s PIO susceptibility.

NASA Dryden PIO Workshop / 6-8 Apr 99  / EJF /
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Low Order Equivalent Systems (LOES)
To achieve a good match the LOES dynamics may be altered to account

for the phase loss.  In the Pitch axis, particularly ζph, ζsp, Tθ and perhaps
ωph, ωsp, 1/Tθ2
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As with LOES, a constant gain attenuation at all frequencies will not affect the
Bandwidth criterion parameters. Even if the gain attenuation is frequency
dependent it is unlikely to affect the Bandwidth criterion parameters since
most aircraft are phase Bandwidth limited, and whatever causes the gain
response to attenuate is likely to have a greater effect on the phase response.

Any downward shift of the phase response will have a direct effect on the
Bandwidth frequency, reducing it by ∆ωBW. Since τP is proportional to the
slope of the phase curve between ω180 and 2ω180  it will be affected slightly by
a downward shift in the phase response, as can be seen in the figure. However,
τP may be affected even more if the slope of the phase response is dramatically
different between the ω180 and 2ω180 frequencies of the linear and non-linear
models.

ωBW  and τP  are variables in a  proposed PIO prediction criterion. Clearly their
accurate definition is important if the PIO prediction criterion is to be valid. As
with LOES, the omission of non-linearities from the analysis is likely to
predict the aircraft less PIO susceptible than it really is.
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Bandwidth Criterion
To account for the phase loss the Bandwidth frequencies (both attitude

and flight path) will be reduced.  τp may be affected, depending upon
the type of non-linearity.
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Conclusions

• Non-Linearities in control systems can introduce
gain and phase attenuation

• Depending upon the type of non-linearity, the
attenuation may be frequency and / or input
magnitude dependent

• FQ analyses performed with and without the non-
linearities will yield different results

• This may account for inconsistent predictions from
flying qualities analyses of linear and non-linear
models and flight data, and when including and
excluding the feel system

NASA Dryden PIO Workshop / 6-8 Apr 99  / EJF / 1 4
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Recommendations

• Non-Linearities in control systems must always be
considered when addressing an aircraft’s flying qualities

• This might be achieved through the development of a
criterion accounting for all non-linearities in a control
system. This metric might be additive to existing criteria
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Mitigating the APC Threat -
a work in progress

Ralph A’Harrah

APC Workshop
DFRC

6-8 April 1999

2

My Perspective

• What I would do if I was responsible for
– Research

– Design & Development

– Flight Test

– Certification

– Airline Safety

– Accident Investigation

… relative to mitigating the APC threat
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Mitigating the APC Threat -

Cat. II APC Research
• Task Identification

– e.g., a large (“over driving”) correction to an upset, followed
by closed-loop control to get back on original flight path

• Subject Identification
– e.g., APC evaluation results from naïve “line” pilots compared

with experienced test pilots

• Vehicle Identification
– Variable stability aircraft, or ground based flight simulator, or

actual aircraft

continues

3

Mitigating the APC Threat -

Cat. II APC Research , continued

• Design and demonstrate a control system
that is free from Cat. II APC characteristics
for a wide range of surface rate limits (e.g.,
from 1% to 100% of the maximum
achievable surface rate)
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Mitigating the APC Threat -
Design & Development
• Incorporate favorite PIO criteria into Mark Tischler’s

Conduit* Program to address Cat. I
• Minimize the actuator energy metric (cost function) in

Conduit (Control Designer’s Unified Interface)

– to reduce probability of “over driving” beyond rate limits, a
Cat. II condition

–  to increase actuator life

• Utilize tactile control feedback1 on primary controls to
warn of approach to rate and/or position limiting, with
active stops to preclude “over driving”

continues
1analogous to NRC’s collective limit cueing, AvWk, p.53, 22Feb99

4

Mitigating the APC Threat -

Design & Development, continued
• Backup tactile control feedback on primary

controls design with adaptive filtering1,2 to
compensate for time delay caused by “over
driving”

• Isolate pilot controlled surfaces and actuators from
non-pilot controlled surfaces and actuators

– Reduce erosion of pilot control response and
authority from non-piloted intrusion

1Hanke, Dietrich, Phase compensation: a means of preventing APC caused by rate limiting,

Forschungbericht 98-15

2Runqudqwist, Lars, Phase compensation of rate limiters in JAS-39 Grippen, AIAA Paper

96-3368
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Mitigating the APC Threat -
Ground/Flight Test
• From ground calibration tests, determine the cockpit

controls to surface response time delay and hystersis
characteristics for inputs up to the maximum input
rate & deflection capability of the pilot

• If values exceed expectations /guidance
/specifications, evaluate options for improvement

• Alternately, evaluate on variable stability aircraft
while performing off-set landing, large upset
correction, etc., Cat. 2 APC maneuvers to define
criticality of the problem

Note:  The issue here is the consistent ability of line pilots to accommodate the change in time
delay and hysteresis characteristics that may be experienced as part of a “hair raising”
experience such as a large upset, or an eminent inflight

5

Mitigating the APC Threat -

Certification
• Continue APC exposure/training of certification pilots,

using a variable stability aircraft

• Emphasize the determination of evaluation tasks for
Cat. II APC that are both safe and effective

• Evaluate in flight APC Cat. I characteristics using
existing FAA APC testing bench mark tasks

• Would not attempt Cat. II in-flight evaluation until
safe and effective test technique is identified

continues

174



5

Mitigating the APC Threat -

Certification, continued
• From ground calibration tests, determine the cockpit

controls to surface response time delay and hysteresis
characteristics for inputs up to the maximum input rate
& deflection capability of the pilot

continues

6

Mitigating the APC Threat -

Certification, continued
• If time delay or hysteresis values exceed

expectations /guidance /specifications, evaluate on
variable stability aircraft while performing off-set
landing, large upset correction, etc., Cat. 2 APC
maneuvers

Note:  The issue here is the consistent ability of line
pilots to accommodate the change in time delay
and hysteresis characteristics that may be
experienced as part of a “hair raising” experience
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Mitigating the APC Threat -
Airline Safety
• For the cockpit primary control inputs and the

resulting control surface outputs, record at data rates
of 20 Hz or greater on the QAR

• Initial APC Precursor
– Monitor QAR data for the time lapse between reversal of

the cockpit control rate and the associated reversal of the
surface rate as APC precursor

• Flag occurrences with tD > 100 msec.
• Flag & record values of tD when tD >150 msec.

• Involve APC specialist for consistent flags, or
values of tD >150 msec.

continues

7

Mitigating the APC Threat -

Airline Safety
• Growth APC Precursor

– Utilize 20 Hz. or greater data rates on primary controls,
primary control surfaces, aircraft accelerations, and
warning, such as “stall” and “over-speed”

– Utilize QAR data to support Conduit as a monitor
• Flag occurrences violating Level 1 criteria.
• Flag & record values of tD when tD >150 msec., and

Level 2 criteria.
• Involve APC specialist for consistent flags, or

values of tD >150 msec
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Mitigating the APC Threat -

Accident Investigation

• For the primary cockpit flight controls, the
associated control surfaces, and aircraft
accelerations felt by the pilots, require that
crash recorders utilize data rates of 20 Hz or
greater
– when the flight crew is actively involved with

primary flight controls

– when an emergency has been declared

continues

8

Mitigating the APC Threat -

Accident Investigation, continued
• In an investigation exhibiting significant crew

control activity, examine the time lapse between
cockpit control inputs, the associated control
surface responses, and accelerations (or other
response metrics, such as warnings) to which the
pilot may be responding

• If the time lapse exceeds 100-150 msec., include a
team of APC specialists as part of the investigative
team
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FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS
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Flight Control Laws Engineer
Systems Department
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APC TENDENCIES HIGHLIGHTING : MANEUVERS DESCRIPTION

- SYSTEMATIC MANEUVERS

- NON SYSTEMATIC MANEUVERS 

NEW TOOLS TO INCREASE MANEUVERS ACCURACY

APC TENDENCIES HIGHLIGHTING : MANEUVERS DESCRIPTION

- SYSTEMATIC MANEUVERS

- NON SYSTEMATIC MANEUVERS 
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FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 3© AEROSPATIALE

APC = PILOT HIGH GAIN

UNEXP ERIENCED P ILOTS

STRESS FUL ENVIRONMENT: - final approach
- formation flight
- workload

CAPTUR E AND FINE TRACK ING TASKS:  - altitude
- heading
- speed
- roll
- yaw

FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 4© AEROSPATIALE

VAPP
conf 3 or full
gear down

RUNWAY FLY OVER:

The pilot must maintain a constant 
altitude and airspeed, and the aircraft
aligned on the runway centerline

5 feet

SYSTEMATIC MANEUVERS
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FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 5© AEROSPATIALE

SIDE STEP:

In order t o align with the
runway, the pilot makes an
agressive side-step

100 m

400 feet
t o

300 feet

VAPP
conf 3 or full
gear down

SYSTEMATIC MANEUVERS

FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 6© AEROSPATIALE

30°

LOW ALTITUDE AGRESSIVE MANEUVERS :

500 feet
t o

300 feet

SYSTEMATIC MANEUVERS
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ANALYTICAL MANEUVERS:

Φ=20°
θ=5°

θ=-5°Φ=-20°

Specific maneuvers defined
to adress precise areas of
APC susceptibilit y

θ

Φ

-5°

-20°

SYSTEMATIC MANEUVERS

FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 8© AEROSPATIALE

FLIGHT DISPLAYS:

60°

60° BANKED TURN

500 feet
t o

300 feet

NON SYSTEMATIC MANEUVERS

PRECISE CONTROL
OF OVERFL Y POINT

CROWD
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FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 9© AEROSPATIALE

FORMATION FLIGHT:

Can be performed in many
configurations, and not only
in approach

NON SYSTEMATIC MANEUVERS

+/- 5 feet

< 10 m

FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 1 0© AEROSPATIALE

APC TENDENCIES HIGHLIGHTING : MANEUVERS DESCRIPTION

NEW TOOLS TO INCREASE MANEUVERS ACCURACYNEW TOOLS TO INCREASE MANEUVERS ACCURACY
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FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 1 1© AEROSPATIALE

STANDARD APC FLIGHT TESTING METHOD

Φ=-20°

FLIGHT TEST
ENGINEER

Φ = -20°

FLIGHT TES T COMPUTER

bank 20° right

PILOT

FLIGHT TESTING FOR APC : CURREN T PRACTICE AT AIRBUS

April 1999page 1 2© AEROSPATIALE

IRS

USE OF A COMPOSITE FLIGHT DIRECTOR

Φ=-20°
Φ

-20°

FLIGHT TEST COMPUTER
DISPLAY
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COMPOSITE FLIGHT DIRECTOR ALLOWS ACCUR ATE MANEUVE RS :

- both FD bars show  θ and Φ  distance to targets
- enable any complex target (ramp,  multi-sinusoid, pseudo random,...)... 
- provide a wide range of analytical maneuvers

FLEXIBLE TOOLS :

- display delay can be adjusted
- FD bars can provide composite displays (use of many feedbacks nZ, nY, q,... )

APC MARGIN SETTING

LESS PILOT GAIN NEEDED FOR AP C TESTING

- cannot auto  adapt (like a flight test engineer would do to trap the pilot)
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The study into PIO had two main objectives:

1. Investigate available methods for PIO prediction, including those
recently proposed

2. Investigate possible remedies to PIO

Some of the group’s expertise and experience with PIO could be used
to evaluate and validate different criteria and methods using an
example large transport aircraft with different configurations that have
handling qualities that are considered well understood / investigated.

2

Contents

• Introduction

• Prediction of PIO
– Available Criteria

– Case Study Using Example Aircraft

• Suppression of PIO
– Available Methods

– Case Study Using Example Aircraft

• Conclusions and Recommendations
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3

Prediction of PIO

Limitations of Linear Methods (Category I)
Most observed PIOs involved rate saturation of control
surface actuator(s)
•   Rate Saturation Result of PIO (poor Cat I properties)
•   Or, Rate Saturation Actual Cause of PIO ?

Cat II Evaluation requires the inclusion of nonlinear behavior
This can be done in
•   Time Domain

– Time Domain Neal-Smith –  Hess Method for Nonlinear Dynamics

•   Frequency Domain Using Describing Function Technique
– DLR’s Open Loop Onset Point (OLOP)
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The Bandwidth criterion has been shown to be a well performing criterion on
a wide variety of cases.

Extending Bandwidth to systems with nonlinear elements is possible (in fact,
the method of performing a frequency sweep in order to estimate the system
frequency response includes all kinds of nonlinear elements of the real
system). Rate limiting elements in the command path of the EFCS can be
identified easily for a given input amplitude. However, if the rate limiting
element is part of a feedback loop, the identification of the describing
function may fail, as typical nonlinear system behavior gets into play, e.g. the
introduction of multiple equilibria (limit cycles, jump resonance).

REF

Hoh et al 1982.

Mitchell et al 1994

Mitchell et al 1998

4Prediction of PIO
Category I Example - Bandwidth

Augmented
Aircraft

Pilot
(Crossover

Model)

θδstickr e Bode Plot of 
θ

δstick
(jω)

6 dB

45 deg

Bandwidth

Phase
Roll-Off

Two Important Parameters

• Bandwidth Frequency, ωBW

(“Speed” of System)

• Phase Roll-Off, τp

(“Predictability”)
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Nonlinear Systems (i)

C(jω) P(jω)G(jω) e u

upil=
ûpilsin(ωt) η δ y

R
Rate Limit

ylim
Position Limit

+

-

N(jω,û)

Limit Cycles - sustained nonlinear oscillations, fixed
amplitude, fixed frequency

Conditions for a Limit Cycle are sought

Use neutral stability condition (Popov):

N(jω,û) is the sinusoidal describing function represenation
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G(s)=C(s)=1; P(s)=25/[1.73,0.58]
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Nonlinear Systems (ii)

Jump Resonance

No unique relation anymore between
frequency and gain/phase of closed-
loop response

Phase Jump in Pilot-Vehicle System

Misadaptation by Pilot

PIO -250 -200 -150 -100 -50
-30

-25

-20

-15

-10

-5

0

5

10

15

20

Phase [deg]
G

ai
n 

[d
B

]

Nichols Plot

Phase Jump

onsetω̂ω = C(jω)P(jω)

ω+
OLOP:

C(jω)N(jωû)P(jω)

1
2

3



195

REF

Duda 1997

Duda et al 1997

7Prediction of PIO
Category II Example - OLOP

y u
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Control
System

Pilot
(Pure Gain)

θ
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Airframe

Rate Limit

Rate limiting causes Jump Resonance
OLOP determines “the consequence”.

OLOP is    L(jω) = (jωonset)

At the onset frequency

Category II 
PIO Susceptible

No Category II PIO
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The Example Aircraft

High Performance Fly-By-Wire Military Cargo Airplane.

High-wing, four engines, T-tail configuration. Length 175 ft, height 55 ft,
wingspan 170 ft, MTOW 600,000 lbs

‘High gain’ mission tasks include:  Landing/Takeoff Short Austere Airfields and
Aerial Receiver Refueling. PIOs were encountered during developmental flight
testing for both tasks [1],[2]

Configurations

Apart from configurations representing old and updated Electronic Flight Control
System (EFCS) software versions, additional configurations were evaluated that
represent the updated EFCS software with intentionally deteriorated
characteristics.

The latter is accomplished by adding phase lags in the flight control system by
increasing the time constant of a first order filter residing in the command path of
the control laws.

REF

Iloputaife et al 1996

Iloputaife 1997

8Case Study Configurations
Of The Example Aircraft

• Receiver Aerial Refueling Task
– Clean Configuration
– High Speed, M = 0.613
– High Altitude, h = 20,000 ft

• Pitch Rate Command System Configurations:

– Old Software Version F  → PIO PRONE
– Updated Software Version H  → PIO FREE

Added Phase Lags τl=[0.1,0.25]
• Simplifications

– Single Axis
– No Model Uncertainties
– No Structural Dynamics
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REF

Iloputaife et al 1996

Iloputaife 1997

9Pitch Axis PIO Event
EFCS Software Version F

Pitch Stick Position  [in]

Pitch Attitude  [deg]

Elevator Deflection  [deg]

Airspeed  [KIAS]

Normal Acceleration  [ft/s2]

Pilot initiated emergency
breakaway from tanker

Typical category II PIO:
•    “High pilot gain”
•    “Pilot is 180° out of phase”

with pitch attitude
•    Software rate limiting of

elevator command signal

[ Ref. Iloputaife 1997, Iloputaife et al 1996 ]

pull

push
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REF

Iloputaife et al 1996

Iloputaife 1997

10Example Aircraft
Control Law Changes

G1(jω)FS(jω) G2(jω) C(jω)KP

P(jω)
Actuators

+
Airframe

+
Sensors

F(jω)

Pitch SCAS

θ

q

nz

+

-

Inner Loop
Rate Limiter

Outer Loop
Rate Limiter

R1 R2
Artificial

Feel System
Pilot
Gain

r

Pilot

Comp
delay

Main differences between old and new software
1. Structural filtering optimization → increase system bandwidth
2. Stick shaping change → reduce control sensitivity
3. Change rate limits → fully use actuator capability

[ Ref.Iloputaife 1997,Iloputaife et al 1996   ]

1

2
3
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Criterion mapping is not considered to
be successful discrimination since flight
path bandwidth is sufficient for both
configurations

11Bandwidth Criterion
Validation Using Example Aircraft
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12OLOP Criterion
Application to Example Aircraft

G1(jω)FS(jω) G2(jω) C(jω)KP

P(jω)
Actuators
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Airframe
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Sensors
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Pilot
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Pilot
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delay

CUT

1. Assume pure gain pilot that exerts sinusoidal stick signal with certain amplitude |r|
2. Determine the onset frequencies of all rate limiting elements using

3. At the critical rate limiter, cut loop, plot loop transfer function on Nichols Chart
4. OLOP is point on locus for  ω= ωOnset. Its position can be related to Category II PIO

susceptibility
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This equation can be solved
graphically



201

13OLOP Criterion
EFCS Software Version F (old)
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14OLOP Criterion
Validation Using Example Aircraft

Saab *  In-Flight Sim Experiment

Space Shuttle * Flight Test

F-18 *  Flight Test

Example Aircraft  Flight Test

PIO

No PIO

PIO

No PIO

PIO

No PIO

PIO

No PIO

*   Source: Duda, H. 1997

Category II 
PIO Susceptible

No Category II PIO
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15Results Comprehensive
Criteria Validation

LOES Bandwidth Gibson Smith-  Hess Neal-Smith
CAP τe Geddes

FC.EFCS(F) -/- -/- L1/no -/no -/no L1/no -/-
FC.EFCS(H) L1/- L2/- L1/no -/no -/no L1/no L1/-

Hess OLOP Time domain
  Nonlinear  Neal-Smith

FC.EFCS(F) yes   yes yes
FC.EFCS(H) no   no no

LEGEND

L1,L2,L3 Predicted CHR

yes,no Predicted PIO

susceptibility

- Criterion doesn’t

include prediction

Results Category I Criteria

Results Category II Criteria

Note: EFCS version F showed PIO tendencies
EFCS version H is the updated, PIO-free configuration
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On most cases of PIO experienced in the past, the problems were discovered in
a relatively late phase of development, or even, during routine operation. A
solution that allows the established control law structure to remain the same
while eliminating PIO susceptibility surely is preferable.

Goal: Look for methods that solve the PIO problem without having to redesign
control laws.

16

Remedy to PIO

“Conventional” Methods
• Change Hardware

– Actuators –  Tail Size
– Feel System Characteristics –  etc.

• Change Control Laws
– Control Allocation / Architecture –  System Bandwidth*

– Control Sensitivity* –  Loop Gains*

– Reduce Phase Lags / Filtering* –  etc.

“Alternative” Methods
• PIO Suppression Filter

– Attenuate Pilot Command At Predefined Pilot Operating Conditions

• Software Rate Limiters With Phase Compensation
– Reduce Phase Loss Under Rate Saturation

*  These methods were applied during the development of the example aircraft to fix the problems
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17PIO Suppression Filter
Initial Design

CONTROL ACTIVITY ESTIMATION

AMPLITUDE ESTIMATION

Force
Gradient

Stick
Position

U Y
Y= f(U,K)

A

ωA

A

Aω

ω

K

( )2X

( )2X

X

X

1st Order
Lag Filter

1st Order
Lag Filter

Differentiating
Filter

Gain Schedule

ω

K

Lower Limit

Flight Control System
InputStick Shaping Function

^
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18PIO Suppression Filter
Functionality

Stick shaping function usually is a
3rd order polynomial:
Y = u ( k1 + k2·|u| + k3 ·u2 )

Suppression is obtained through:
Y = u ( k1 + k2·|u|·K + k3 ·u2 )
In which K is The suppression gain

      “Stick desensitizing”

ω+^
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PSD of Stick Deflection Signal
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Sampling Rate

   fs=10 Hz

No. of Samples

   N=2,300

Frequency Resolution

   ∆ω=0.14 rad/s

Conclusion:

During ‘normal’ task execution, pilot inputs contain energy in the frequency region of the
actual PIO (which is about 2.3 rad/s)

REF

Iloputaife 1997

19

Suppression Activation

PIO Suppression Filter
Response to Example Case

pull

push

[ Source Iloputaife 1997]
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20Phase Compensated Rate Limiting Schemes
(Rundqwist - Saab Military Aircraft)

Concept:

• Under rate saturation, excess
in demand is fed back

• Rate limiter command signal
is attenuated

• Result: Output will change
direction when input does
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21Phase Compensated Rate Limiting Schemes
Effect on Closed-Loop System Using OLOP

Conventional 
Rate Limiter

Phase Compensated 
Rate Limiter

Phase Jump

Linear Loop Transmission
L(jω)

Rate Limiting 
Onset

Stability Margin Analysis

Conventional rate limiting:
Phase Jump, undesirable

Alternative rate limiting
Avoids Phase Jump

Retain  stability with same rate
limit imposed on system
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Conclusions

• Category II PIO criteria were successfully validated against a
limited selection of example aircraft configurations

• When designed properly, a PIO suppression filter can identify
a developing PIO And take avoidance action.

• Phase compensated rate limiters can alleviate the severe
penalty associated with rate saturation in a closed-loop
system.
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Further Work

• Perform similar analysis for other PIO data

• Compare results of this study with recent experimental flight
test data

• Address effect of structural dynamics on handling qualities
and PIO

• Incorporate modern tools for stability analysis (mu, LMIs)
Goal: towards category III PIO prediction
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Results TDNS Criterion
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Discrimination between good and bad configurations lies in
Acquisition Time D for which system grows unstable.

 Software Version H allows a smaller acquisition time

Criterion definition doesn’t yet provide clear boundaries for D
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Results Hess Nonlinear (ii)
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Flight Testing for PIO

Ralph H. Smith

High Plains Engineering
PO Box N

Mojave CA 93502
661-824-1023

www.piofree.com
rsmith@piofree.com

Introduction

• Theory reduced to practice

• Developed intermittently over 32 years

• Highly nonlinear process

• Theory applied to numerous aircraft cases at
EAFB since 1975
– Several PIO predictions prior to flight test

– Two non-PIO predictions

• Incorporated into TPS curriculum since 95B
217



 

Priorities

• Solve the airworthiness problem
– Eliminate safety-of-flight issues related to PIO

• PIO sensitivity training

• Proficiency training

• Let the subsystems people deal with Cooper-
Harper ratings and psycho-babble
– Performance definitions are negotiated items

– Workload is indefinable

A Question:

• No self-respecting engineer would design a
servomechanism using criteria that are
routinely accepted for piloted control of
airplanes.

• Why should a FCS be designed to less
stringent criteria than a floppy disk drive
servo?
218



 

The Process

• Predict/Test/Verify
– Characterize the Expectation

– Exercise Experimental Technique

– Understand the Results

Predict

• Theory or Criteria
– Smith-Geddes (implemented in the RSMITH

software)

• Simulation
– Simulate what?

• HQDT
219



 

Aside:  Definition

• PIO is pilot-in-the-loop oscillation

• PIO generally refers to pilot-in-the-loop
instability

Aside:  Characterizing PIO

• PIO due to excessive phase lag in the
airplane

• PIO due to excessive command gain (stick
sensitivity)

Pilot Airplane
-

Stick
220



 

Aside:  Phase-Gain Interaction

• The RSMITH software was written to
account for the interactions
– Predicts CHR for worst-case tracking

– Predicts max stick sensitivity to avoid PIO

Aside:  Stick Sensitivity

• The dominant HQ parameter
– Overrides phase-based criteria (including

Smith-Geddes)

• Typical airplane:
– Stick sensitivity for no-PIO = insufficient

authority to maneuver

– PIO susceptible

– Non-FBW transports are possible exceptions
221



 

Testing for PIO

• No Phase 3 (Cooper-Harper) testing

• HQDT -- the only maneuver that works
– A sufficient criterion for PIO

– Go/No Go engineering criterion
• Closed loop task

• Divergence = PIO susceptibility

• Convergence = Not PIO susceptible

• Task is not a factor

• No Cooper-Harper ratings, no performance standard

Aside:  HQDT

• Unnatural act

• The old guys hate it

• The new guys have trouble with it

• Has a theoretical basis:  sufficient condition
for PIO

• T-38 experience:  proof that susceptibility
does not equal unsuitability
222



 

Understanding the Results

• Priority:  Verify that you tested what you
thought you tested

• Identification of aero parameters

• Model the FCS + airframe

• Freq response analysis of flight data to
confirm model validity

• Write a tech report based on fact, not
expectation

Case History

• Approach & landing task

• Control laws designed to satisfy Smith-
Geddes criteria using RSMITH program

• Predicted Level 1

• Flight test:  Level 2/3

• Initial reaction:  failure of criteria

• Fact:  Invalid aero model and VSA mech;
criteria worked
223



 

Approach & Landing:  PIOR = 4 (R1280_14)

Predicted Handling Qualities
224



 

Slope Parameter & Criterion Phase Angle

CHR vs Criterion Phase Angle
225



 

Case History:  HQDT

• HUD tracking task, simulated air-to-air

• PIOR = 5

• Phase 3 tracking:  CHR = 8/7/6/5/7

• Phase 3 tracking: PIOR = 5/5/3/3/3

Divergent PIO in HQDT Maneuver (F444_08)
226
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Accurate Automation Corporation

Accurate Automation Corporation

Real Time PIO Detection and
Compensation

Chadwick Cox, Carl Lewis,
Robert Pap, Brian Hall

Accurate Automation Corporation
7001 Shallowford Road
Chattanooga, TN 37421

ccox@accurate-automation.com
423-894-4646

Accurate Automation Corporation

Accurate Automation Corporation

Thanks

• Charles Suchomel - AFRL, COTR
• Brian Stadler - AFRL
• David Legget - AFRL
• Thomas Cord - AFRL
• Ba Nguyen - AFRL
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Accurate Automation Corporation

Accurate Automation Corporation

Neural Network Compensation Strategy for
Preventing Pilot-Induced Oscillations

Air Force Phase II SBIR F33615-96-C-3608
COTR: Chuck Suchomel AFRL/VACD

Objective:  Develop a Smart Neural Network-Based Controller to Prevent
Pilot-Induced Oscillations 

1. Recognize Pilot-Indu   ced Oscillations
In Data From Events Where PIO
Have Played a Major Pa  r t

2. Designed a Neural Ne  twork To
Recognize the PIO a   nd Help The
Pilot to Fly Out of the Problem

3. Designed an Ad   vanced Hardware
Controller to Validate the   Concept

4. Patent Pendin  g

Accurate Automation Corporation

Accurate Automation Corporation

Results to Date

Patent will be issued soon

Detector/Compensator tested in closed loop with
simulated configurations on AFRL 6-DOF piloted
simulator

Detector tested with F-16 PIO data, HARV PIO data,
and simulated NT-33 data (MS-1)

Detector/Compensator tested in open and closed
loop with simulated F-16
280
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Accurate Automation Corporation

Results to Date

Designed hardware
VME
DSP
NNP® interface
VME to 1553 interface
A/D, D/A, digital interfaces

Accurate Automation Corporation

Accurate Automation Corporation

Presentation Topics

• PIO Detection and Compensation

• Simulation Testing

• PIO Hardware
281



 

Accurate Automation Corporation

Accurate Automation Corporation

Concept

• While a PIO occurs, a detector flags
the PIO.

• If no PIO is occurring, the detector
outputs a zero.

• When the detector flags a PIO, a
compensator is engaged.

Accurate Automation Corporation

Accurate Automation Corporation

PIO Detector Goals

• Real time operation
• Accurate
• Robust

– configurations
– pilots
– noise

• Simple
282



 

Accurate Automation Corporation

Accurate Automation Corporation

PIO Compensator Goals

• Activated when PIO occur
• Never active when PIO not occurring
• Stops PIO
• Acceptable to Pilots

Accurate Automation Corporation

Accurate Automation Corporation

PIO Detection

• PIO detection is simple and clean
– simple algorithm
– runs in real time
– only straightforward preprocessing is

required
– works in longitudinal and lateral axes
– works for many configurations
– accurate
283



 

Accurate Automation Corporation

Accurate Automation Corporation

PIO Compensation

• How to compensate for PIO is still
unresolved.
– We have tested simple authority

reduction and a PIO filt  er
– Pilot’s do not like to have their authority

reduced
– Sometimes different situations call for

different types  of compensation
– More testing is ne  cessary.

Accurate Automation Corporation

Accurate Automation Corporation

Algorithm Development

• We used MS-1 simulation data, HARV
data, and F-16 simulation data to
develop the detector.

• An iterative process was used to train
the detector.

• The compensator was developed with
simulated HAVE PIO configurations.
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Accurate Automation Corporation

Simulation Testing

• Tested detector with MS-1 PIO data

• Tested detector/compensator with
simulated HAVE PIO configurations
and simple pilot model

• Tested detector, advisory, and
compensator in LAMARS simulator

Accurate Automation Corporation

Accurate Automation Corporation

Detection of MS-1 Simulated PIO
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Accurate Automation Corporation

Piloted Simulation Testing

• Performed in AFRL LAMARS high-
fidelity motion base simulator

• Tested a PIO detector and two
compensators

• Gathered data to improve detection
and compensation methods

Accurate Automation Corporation

Accurate Automation Corporation

Piloted Simulation Testing Rational

• Only human in the loop testing can
tell you how a compensator or
advisory will effect the performance
of a pilot.

• Pilot models are not adequate.
– They are good only for initial testing.
– Not all problems can be uncovered with

pilot models.
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Accurate Automation Corporation

Major Questions

• Does the detector perform
adequately?
– Must not trigger whe   n it shouldn’t

• Does the compensator perform
adequately?
– Must not caus e a bigger problem when

it is on.
– Preferably must allow the p  ilot to

perform his task.

Accurate Automation Corporation

Accurate Automation Corporation

Detection Issues

• Does the detector perform
adequately?
– Does is stay off  when there is no PIO?
– Does it come on when  there is a PIO?
– Does it work across a wid e range of

configurations?
– Does it work across a wid e range of

pilots?
– Is it robust to nois  e?
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Accurate Automation Corporation

Compensation Issues

• Does the compensator perform
adequately?
– Does it stop PIO?
– Can the task st ill be performed?
– Do pilots mind having their authority

reduced?
– Does filter induced  delay cause oth er

problems?

Accurate Automation Corporation

Accurate Automation Corporation

Compensation Issues

• Do different PIO call for different
compensation?
– Use gain compensation with explosive

PIO?
– Use filter compensation with mild to

medium PIO?
– Use other methods?
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Accurate Automation Corporation

Compensator Types

• Gain Compensator
– Ramp in
– Ramp out
– Minimum authority

• Filter Compensator
– Ramp in
– Ramp out
– Minimum authority

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing Methodology

• Succinct matrix
– HAVE PIO and landing task
– HAVE LIMTS like configurations with

tracking task

• Short look instead of long look
• Random presentation
• Repeats allowed

– this allowed us to use short look
without confide  nce levels
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Accurate Automation Corporation

Simulation Testing Matrix
Advisory/Compensation Options

• Four Cases
– PIO detection but n  o advisory, no

compensation
– Detection and a  dvisory, no

compensation
– Detection and n o advisory,

compensation
– Detection and a  dvisory, compensation

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing Methodology -
Pilots

• one Navy test pilot, one civilian
acrobatic pilot, and five Air Force
test pilots

• prebriefed pilots
• did not lead the pilots
• tried not to let pilots compare

configurations
• performance feedback provided at

end of run
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Accurate Automation Corporation

Simulation Testing Methodology -
Pilots

•made pilots go through the
scales when giving ratings

•rating/Questionnaire cards
with pilot in cockpit

•debriefed the pilots
•frequent breaks

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing -
Pilot Subjective Data

• Pilot briefings
– configurations, tasks, motion, ratings,

adequate and desired

• Pilot comment card
– PIO scale (Mike Parrag - Veridian) and

Cooper-Harper scale
– Questions

• Pilot’s asked to give frank
assessment of algorithms
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Accurate Automation Corporation

Simulation Testing - Configurations

• HAVE PIO - Category I
– Baseline Longitudinal 2-1,3-1,5-1
– Primary Longitudinal 2-5, 5  -9, 5-10
– Secondary Longitudinal 2-8, 3-12, 3-13 

• HAVE LIMITS - Category II
– 2P, 2DU, 2D, 2DV
– Rate limit adapted  t o pilot to force PIO

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing - Pilots’ Tasks

• Offset landing
– pilot must land aircraft within target zone

starting from an offset approach
– HAVE PIO configurations

• Discrete tracking
– pilot tracks steps and ramps
– HAVE LIMITS
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Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing - Time Series Data

• All detector and compensator inputs,
internal variables, and outputs

• aircraft state variables
• pilot outputs
• task and performance data
• pilot PIO indicators (trigger  pulls at

about where a PIO occurs)

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing Results

• Detector works very well in pitch    and
roll

• Gain compensator stops PIO but
pilots don’t like it

• Filter compensator had problems

• Much analysis still to be done
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Report number 20 is missing slides 31 to 34; they were unavailable at the time of publication.

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing Result -
Divergent PIO

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing Result -
NO PIO
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Accurate Automation Corporation

Simulation Testing Result -
NO PIO

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing Result -
NO PIO
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Simulation Testing Results -
Pilot Comments

• Advisory well correlated to pilot
assessment of PIO

• Some pilots found advisory
helpful

• Some pilots said advisory didn’t
give them additional information

• Some pilots commented on
timeliness of detection

Accurate Automation Corporation

Accurate Automation Corporation

Simulation Testing Results -
Pilot Comments

• Pilots said gain compensation
stopped PIO, but interfered with
task

• Delay induced by filter
compensator caused problems

• Pilots felt that motion helped
them with tasks, especially
landing
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Simulation Testing Results -
Observations

• Pilots improved their
performance over time

• One “golden arm” pilot could fly
almost anything

• Pilots sometime adapted to gain
reduction

Accurate Automation Corporation

Accurate Automation Corporation

PIO Compensation Hardware

• board hosts PIO detection and
compensation algorithms

• DSP
• includes interface to multiple AAC

NNPs.
• VME bus with 1553 interface
• A/D, D/A, and digital interfaces
297



 

Accurate Automation Corporation

Accurate Automation Corporation

Conclusions

• Developed a real-time PIO
detector

• Developed a real-time  PIO
compensator

• Tested detector and
compensator in a high fidelity
piloted simulators

• Continuing simulation testing
• Developing hardware

Accurate Automation Corporation

Accurate Automation Corporation

Next Steps

• Analyze data
• More simulation testing

– larger matrix, operational pilo  ts, new
advisories, force feedback

• Flight Testing
• Develop PIO Classifier
• Develop a good compensation

method
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PIO Detection with a Real-time
Oscillation Verifier (ROVER)

David G. Mitchell
Technical Director

Hoh Aeronautics, Inc.

Pilot Induced Oscillation Research
Workshop

NASA Dryden Flight Research Center
8 April 1999

Prevention of PIOs in Flight

• Fundamental goal is to prevent PIOs by design
– On-board detector could be a valuable flight test tool
– Application for failures, unusual loadings and flight conditions

• Monitor airplane responses and pilot inputs to look for:
– Oscillations of proper frequency range
– Airplane out of phase with pilot
– Amplitudes of input and output large

• Concept developed under current contract
– Has not actually been applied real-time
– Applying for patent
– Looking for follow-on funding for further development
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Real-Time Detection of PIOs

• Time histories of dozens of PIOs have been
examined in detail

• Underlying conclusions:
– There is no clearly identifiable “pre-PIO” condition
– Many of the precursors to PIO occur in normal

operation
– It will not be possible to detect and stop a PIO before it

starts
– The best we will be able to do is detect one in the first

half-cycle (or so)

Real-time Oscillation VERifier
(ROVER)

• Assumptions:
– Pilot operates more or less sinusoidally
– Pilot adopts synchronous behavior in PIO
– Airplane is 180̊ out of phase with pilot in a PIO

• Apply a moderate amount of filtering
– Bandpass to emphasize range of expected PIO frequencies
– Both input and output filtered to minimize impact

• Test for:
– Oscillation frequency within range for PIO
– 9 0̊  phase lag between control input and pitch rate
– Proper amplitude of input and output
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YF-22A Mishap
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Application as a Flight Test Tool:
Time-domain verifier for frequency sweeps
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Application as a Flight Test Tool:
Time-domain verifier for frequency

sweeps
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Continuing Development

• Extend to roll
• Extend to normal acceleration
• Select best filters for bandpass, removing noisy data
• Requires tailoring

– Different flight conditions (higher thresholds up-and-away)
– Different cockpit effectors (force vs. displacement)
– Adapt to failures (reduce thresholds if sensors lost)

• Active intervention vs. alerting
– Should depend upon complexity of flight control system,

degree of instability, mission roles
– Form of active intervention will depend upon flight condition
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THE NEED FOR PIO
DEMONSTRATION MANEUVERS

Vineet Sahasrabudhe
David H. Klyde

Systems Technology, Inc.

David G. Mitchell
Hoh Aeronautics, Inc.

Pilot-Induced Oscillation Research:
The Status at the End of the Century

NASA Dryden Flight Research Center
6-8 April 1999

6-8 April 1999 PIO Research Status Workshop

OVERVIEW

Identify relevance of demonstration maneuvers for PIO

Review USAF Handling Qualities Demonstration
Maneuvers program

Exposing PIO

- Probe-and-drogue refueling example

- HUD tracking example

The need for PIO specific maneuvers

Additional candidate PIO demonstration maneuvers
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DEMONSTRATION MANEUVERS
PROGRAM BACKGROUND

Phase II SBIR for the USAF Flight Dynamics Directorate

- Air Force Technical Contact: Thomas J. Cord

Phase I results published as STI TR-1298-1 and as Appendix C of WL-
TR-94-3162

Proposed Maneuver Catalog published as STI ITR-1310-1

- Distributed to USAF FIGC mailing list for review

STEMS Flight Test Evaluation with the NASA F/A-18 HARV
published as STI ITR-1310-2 and as WL-TR-97-3002

Phase II Results published as WL-TR-97-3099 & WL-TR-97-3100

- Volume I: Maneuver Development Process (-3099)

- Volume II: Maneuver Catalog (-3100)

6-8 April 1999 PIO Research Status Workshop

RELEVANCE TO PIO

Objective of the USAF program was to develop a catalog
of repeatable maneuvers to evaluate closed-loop handling
qualities

Some of the maneuvers included in the final catalog also
exposed PIO and/or PIO tendencies

The continued occurrence of PIO in operational aircraft
(military and commercial) indicates a strong need to
develop a similar catalog for PIO
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MISSION-ORIENTED
 REQUIREMENTS

Requirements are based on Mission Task Elements
(MTEs) that relate to actual operations

References to aircraft size are removed

Allow for multiple response-types

Provide predicted handling qualities

Demonstration maneuvers are designed to
complement the mission-oriented approach

6-8 April 1999 PIO Research Status Workshop

HANDLING QUALITIES
DEMONSTRATION MANEUVERS

Evaluate all aircraft types (military and civil) and
mission tasks

Provide consistent maneuver definitions including
desired/adequate performance requirements

Evaluate total system: flight controls, pilot-vehicle
interface, advanced displays and vision aids, etc.

Provide ultimate check of handling qualities
through piloted evaluation
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MANEUVER CATEGORIES

Non-Precision, Non-Aggressive
- Takeoff, Landing, Waveoff/Go-Around

- Heading and Altitude Changes

Non-Precision, Aggressive
- Air-to-Air Gross Acquisition

Precision, Non-Aggressive
- Precision Offset Landing

- Attitude Capture and Hold

Precision, Aggressive
- Air-to-Air Fine Tracking

6-8 April 1999 PIO Research Status Workshop

MANEUVER EVALUATIONS

Flight Test Evaluations

- NASA Dryden F/A-18 HARV: STEMS

- USAF TPS HAVE GAS II: Probe-and-Drogue Refueling

- USAF TPS HAVE LIMITS: HUD Tracking

- General aviation aircraft: numerous maneuvers

Flight Test Reviews

- Large aircraft flying qualities (TIFS): Precision Offset Landing

- USAF TPS HAVE CAP: Precision Offset Landing

- USAF TPS HAVE TRACK: Simulated Aerial Refueling

Pilot-in-the-Loop Simulation

- NASA Dryden SR-71 Simulator: Supersonic Maneuver Set

- McDonnell Douglas: PIO maneuver development
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MANEUVER CATALOG

Final catalog contains 36 maneuvers

- Flight test evaluations: 18 Maneuvers

- Simulator evaluations: 16 Maneuvers

- 5 maneuvers need refinement

Catalog spans the range of piloted control

Flight conditions range from post-stall to supersonic, and
from takeoff to landing

Catalog is a living document

- Revisions and additions are expected as new research is conducted

6-8 April 1999 PIO Research Status Workshop

EXPOSING PIO

Demonstration Maneuvers that have produced flight test
PIOs

- Aerial refueling, particularly probe-and-drogue

- HUD tracking

- Precision offset landing

Demonstration Maneuvers that have exposed PIO
tendencies

- Air-to air and air-to-ground fine tracking

- Attitude captures

- Gross acquisitions (often expose Category II tendencies)
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RECENT EVOLUTION OF
PROBE-AND-DROGUE REFUELING

USN F-14 Dual Hydraulic Failure Study (1991)

- Revealed potential explosive nature of probe-and-drogue refueling task for severely
rate limited configurations

- Formation flying (prior to hook-up) did not expose poor handling qualities

- Tracking drill devised to “shake out” configurations prior to hook-up

USAF TPS HAVE GAS (1993)

- Evaluation of different response-types using probe-and-drogue hook-up task

- Handling qualities performance requirements (based on number of attempts to
achieve three successful hook-ups) were not sufficiently discriminating

Notice of Change to MIL-STD-1797A (1995)

- HAVE GAS task with additional requirement to avoid contact with basket webbing
for desired performance

USAF TPS HAVE GAS II (1997)

6-8 April 1999 PIO Research Status Workshop

HAVE GAS II
PROGRAM SUMMARY

USAF TPS Class 96B Test Management Project conducted in spring
1997

Objective: Identify the task that best reveals aircraft closed-loop probe-
and-drogue refueling handling qualities

Seven flight test sorties: NASA F/A-18 (4 Sorties) and USAF variable
stability NT-33A, operated by Calspan, (3 sorties)

Candidate evaluation tasks: Hook-Up, Tracking, and Aiming Tasks

Both qualitative and quantitative results clearly indicated that the
tracking task best exposed closed-loop handling qualities

To capture potential problems close-in to the basket, the hook-up task
should be performed in concert with the tracking task

312



6-8 April 1999 PIO Research Status Workshop

DROGUE TRACKING
CONFIGURATION

Probe 6-10 feet aft of drogue

Side View

View From Cockpit

D-704 Aerial Refueling Stor e
ÒBuddy StoreÓ

Drogue

Probe

Desired:     1/2 Basket Radius

Adequate:     Full Basket Radius

Probe

6-8 April 1999 PIO Research Status Workshop

DROGUE TRACKING TASK
FOR PIO

HAVE GAS II

Video Example
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PROBE-AND-DROGUE TASK
FOR PIO: CONCLUSIONS

Probe-and-drogue refueling has exposed all three PIO
Categories in flight test

HAVE GAS II program defined repeatable evaluation tasks
based on drogue tracking and hook-ups

Turbulence can have a significant impact on task
performance and should therefore be accounted for in the
evaluation process

A method should be employed to verify drogue tracking
distance (chase plane, differential GPS, etc.)

6-8 April 1999 PIO Research Status Workshop

HUD TRACKING TASKS FOR PIO
Recent Experience

- USAF TPS HAVE LIMITS

- McDonnell Douglas ground simulation comparison study

- STI development of pilot evaluation tool (PASS) using sum-of-
sines tracking tasks

- HAI PIO simulations on LAMARS using discrete ( “step-and-
ramp,” “Calspan” or “SAAB”) tracking tasks

Sum-of-Sines effective for identifying pilot dynamics and
PIO tendencies, especially Category I

Discrete Tracking effective for identifying PIO tendencies,
especially Category II
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HUD TRACKING TASKS FOR PIO

HAVE LIMITS

Video Example

6-8 April 1999 PIO Research Status Workshop

HUD TRACKING TASKS FOR PIO:
CONCLUSIONS

There may be initial pilot reluctance to sum-of-sines task

Discrete tracking is most effective as a two-axis task

- Reduces pilot “learning”

- Exposes both pitch and roll problems

Verbal readouts not effective

- Introduces undesired variability with commands

- Must be single-axis only

- Potential for pilot confusion over command values

- No way to monitor tracking performance

- Must be steps only, since “ramps” cannot be introduced verbally
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DEMONSTRATION MANEUVERS
FOR PIO

Need for dedicated PIO Demonstration Maneuvers

- PIO is not an operational event

- PIO testing should be distinct from handling qualities

- Some testing will be inconsistent with operational testing (e.g.,
HUD tracking or close formation with a transport)

Additional candidate PIO Demonstration Maneuvers

- SAAB Klonk method

- HQDT

- Rapid attitude captures

- Others?
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Jim Reinsberg
Principal Technical Specialist

T45TS Aerodynamics, Flying Qualities
The Boeing Company

(314)233-1092

james.g.reinsberg@boeing.com

Boeing T45 
Ground Handling Characteristics

NASA Dryden Workshop 

T45TST45TS

6-8 Apr 99

39.33 ft

~14.2 ft

T45 Aircraft Description
Derived from BaE Hawk

Key aircraft components:
> ~12% of weight on nose landing gear         > 20 deg/sec nose wheel steering (NWS) - 12 deg defl max
> Single chambered, semi-levered main landing gear         > Reversible, mechanical rudder
> Single chambered, cantilevered nose landing gear (2 tires)       > Hydraulic powered aileron, stabilator.

        > Limited  Yaw Damper Control (YDC)

Typical Weight Data:
> Max fuel load, 2 crew = 13,381
> Empty fuel, 2 crew= 10,443 
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Directional control issues have been with the T45
since 1989.  This is a basic airframe issue.  Multiple "Triggers"
such as cross-winds, inadvertent brake/NWS/rudder inputs,
blown tire,  aggressive corrections, etc. create a control
problem which is amplified by "Sustainers" such as landing
gear dynamics, brake sensitivity and feel, roll/yaw coupling,
lateral acceleration cues, etc.  Over the years many
attempts and studies have been undertaken to improve
basic airframe handling characteristics with some success.
But fixes are not easy or "cheap”. The lack of a good ground
handling METRIC has dampened the enthusiasm to flight test
“potential fixes”.

Summary of T45
Ground Handling Issue

T45TST45TS

6-8 Apr 99

•       Nov 89    Established SA-4A during DT-IIA:
-  “Directional pilot induced oscillations during landing rollout.”

• Nov 90 Developed current production NWS system
-  Full time NWS cleared “PIO” yellow sheet SA-4A
-  Entered Fleet Aug 92

•       May 93     Established SA-162 during DT-II:
-  “Overly sensitive directional control characteristics during landing rollout.”

• Dec 93 Developed 1st industry ground handling PIO metric
 -  Provided a “yardstick” for predicting effectiveness of modifications

• Mar 94 ADR data @ KNAS supported PIO metric
• Mar 94 Started flight evaluation of higher rate NWS system

 -  Improved handling but PIO susceptibility remained
• Jun 94 Joint USN/MDA “PIO team” formed to explore causes and solutions
• Sep 94 Recommended fix of high gain yaw damping with higher rate NWS
• Nov 95 Started flight evaluation of “PIO team” recommended fix

 -  Concluded improvements not adequate for production
 -  Identified objectionable ground handling other than PIO

• Jan 97 NAVAIR recommended assessment by outside company
• Aug 98 Started independent assessment with STI, subvendor to BA

BA/USN 
Efforts Toward Resolution

Solutions Investigated With Mixed Success
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•  Applied Mil STD criteria for longitudinal PIO (Ralph Smith).
–  Showed this to be a good predictor of directional PIO tendencies with:

>   Frequency response of flight test data
>   Six degree of freedom (6-DOF) analysis with 0.25 sec time delay pilot model

•  MDA experience at this time:
– 10 PA landings were analyzed - included a variety of pilots, crosswinds, and braking
tasks.

> Ny at pilot and yaw rate (R) considered most significant control parameters
> Bode plots: 0.6 Hz control from Ny feedback, 1.0 Hz control from R feedback

– A015 landing rollout PIO shows pilot “responding” to Ny

•  Criteria successfully predicted higher rate NWS would not reduce PIO potential.

•  Employed as metric for joint USN/Boeing PIO Susceptibility team
– Goal: Achieve F-18 Ny phase response.
– Identified 50 potential causes. 8 most promising showed no single or combined root
cause.
– Analyzed 3 augmented control solutions:

> R + Ny feedback to NWS, R command, and R feedback to rudder

•  R feedback to rudder met F-18 Ny phase criteria.

Improved, high rate PWM NWS and YDC-10 approved for flight test.

Boeing Criteria for 
Ground PIO Susceptibility

T45TST45TS

6-8 Apr 99

Results Of YDC-10 
Flight Test Program

•  Allowed testing of production and “test” software with a bit flag change.

•  Production T45 NWS software:
–  Bang-bang controller, 20 deg/sec max no-load rate
–  Turn-on at 0.75 deg error, turn-off at 0.5 deg error.
–  Low gain steering: linear slope, 2.5 inches of pedal -> 12 deg of NWS

•  Pulse Width Modulation (PWM) software:
–  Still a bang-bang controller, but

>  5 discrete no-load rates, from 8 deg/sec to 52 deg/sec
>  Uses “look-ahead” to determine best control speed
>  Narrows turn-on/turn-off threshold when pedals moving
>  Variety of pedal -> NWS schedules available

NOTE: PWM also required a hydraulic supply orifice change to achieve higher
no-load rate.

Steering Control Electronic Set (SCES) 1.4
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Results Of YDC-10 
Flight Test Program

Crossing Angle

10-15 ft

2000 ft

2 ft Desired

5 ft Adequate1000 ft1000,750,500 ft
        1200 ft
        2000 ft

PA
1/2 Flap
No Flap

Cross
    1

Re-acquisi tion
          2

Track
   3

Centerline Crossing Task

CROSS
- Low gain and low predictability
- Significant variations in crossing angle
- YDC tends to washout initial input

RE-ACQUISITION
- High gain, high accelerations/rates
- Susceptible to “roll/yaw”
- Steeper x-ing angle, harder task, prone to centerline overshoot

TRACK
- High gain, low Ny, moderate yaw rate
- Performance degraded if Phase 2 overshoots desired criteria

Combined with other
variations (weight,
crosswind, inadvertent
differential braking),
significant
run-to-run variations in task
difficulty can occur.

T45TST45TS

6-8 Apr 99

•  FREQUENCY DOMAIN ANALYSIS
– Predicted reductions in Ny phase lag were achieved

> Only for small inputs (~25%) due to yaw damper saturation
– High rate NWS had no effect on Ny or R phase lag
– Centerline x-ing maneuver did produce PIOs during Re-acquisition and Tracking

>  ONLY with non-optimum YDC feedback gain
>  Re-acquisition PIOs : High Ny  -> roll/yaw
>           Tracking PIOs : Low Ny   -> often ignored in pilot comments

•  PILOT COMMENTS
– PIO ratings slightly reduced with YDC/PWM.
– Significant factors other that phase lag influencing the pilot:

> Velocity vector loosely coupled to nose
> Roll opposite yaw  - “leans”
> Inadvertent NWS inputs
> Insufficient brake pedal (force) feedback
> Rudder pedal mechanical characteristics
> Crosswinds

CONCLUSIONS: Incremental improvement for small pedal inputs only, and would
not close yellow sheet SA-162.

Results Of YDC-10 
Flight Test Program
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Results Of YDC-10 
Flight Test Program

T45TST45TS

6-8 Apr 99

Results Of YDC-10 
Flight Test Program
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NASA LaRC Analysis
 of T45 Tires

•  METHOD:
–  Used Low speed Tire Test Vehicle (LTTV) to measure cornering performance of nose
and main tires under full scale, realistic surface conditions.

>  Max vertical load           6000 lb
>  Max tire yaw angle        90 deg
>  Max speed                     60 mph

–  Varied tire pressure (field, carrier), vertical load and skid angle.
–  Nose tire is very under-loaded at 300-900 lb per tire (5-6% vs. design 32%).
–  LTTV data validated by flight test trajectory matching.

•  CONCLUSION:
–  Main tire cornering stiffness less than modeled by 13-44%, depending on normal load.
–  Main tire cornering stiffness reduction with normal load more than currently
modeled.
–  Nose tire cornering stiffness more than modeled by 6-19%, depending on normal
load.

A ground handling assessment REQUIRES accurate tire data under realistic surface
conditions. The LTTV proved to be a rapid and economical tool for gathering T45
tire data. Other NASA facilities exist for tires with greater vertical loadings.

T45TST45TS

6-8 Apr 99

•  Objective and Product:
  - Analytical assessment by Systems Technology Incorporated (STI)

- Recommend procedures and/or aircraft modifications with the potential to
  minimize or eliminate undesirable landing rollout characteristics.

  - Feasible recommendations will likely require additional research and flight
  evaluation by USN/BA team prior to production consideration

•   Tasks:
- Review past efforts
- Examine basic aircraft design issues
- Recommend a way forward

•   Status:
7   Feb  98    -   USN issued RFP to Boeing (BA)
21 Apr  98    -   BA selected STI as winning subvendor
21 Jul   98    -   USN/BA complete contract negotiations
20 Aug 98     -   Kickoff meeting in STL.  BA, STI & NAVAIR (15 month contract)

                16 Nov 98     -   First quarterly review
                18 Feb 99     -   Second quarterly review
                15-19 Feb 99  -   First flight simulation

Independent Assessment 
Contract With STI
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•  NASA LARC tire data incorporated into all 6-DOF models.

•  Analysis of flight test data suggest that heading angle feedback is the
primary pilot control mechanism.

•  Boeing 6-DOF and STI linear model have been benchmarked to flight test
data.

•  STI Linear model analysis shows that the T45 -
– has an oversteer characteristic (tire cornering stiffness is key)
– has a critical speed, above which the vehicle has an unstable pole (~ 60 kts).

•   The understeer gradient UG may be a reliable metric for PIO potential
    UG =  32.17*57.3*{(m/l)*[(b/Yαf) - (a/Yαr)]}      
[deg/g]
        m = vehicle mass                                                   [slugs]

                 a  = distance from front tire to cg                            [ft]
                 b  = distance from rear tire to cg                             [ft]
                 l   = distance from front to rear tire (l=a+b)              [ft]

       Yαf = front axle “aero+tire+..” cornering coefficient           
[lbf/rad]

       Yαr = rear  axle “aero+tire+..” cornering coefficient 
[lbf/rad]

Independent Assessment 
Contract With STI

Status After First Flight Simulation

T45TST45TS
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•  Maneuvers used during first simulation:
–  Constant radius turn circle (2000 ft)
–  Maximum heading capture and stabilization (aggressive)
–  Heading capture and hold (instruments only - no visual)
–  Heading angle sum-of-sines tracking (instruments only - no visual)
–  Runway centerline tracking with crosswind gust disturbance

•  Aircraft parameters varied during first simulation:
–  Fuel (empty, 65% full)
–  Aircraft understeer gradient, UG
–  Nose wheel steering actuator model (production and “ideal”)

•  Preliminary findings:
–  Fixed base simulation: not perfect, but we’re working on it
–  “Ideal” actuator model: most effect on fine tracking, not PIO
–  Turn circles show a break in roll vs. Ny at 0.2 g’s (approx 2 deg roll)
–  HQR and PIO ratings track understeer gradient UG
–  A 2 point HQR/PIO reduction may be possible with a tire change

Independent Assessment 
Contract With STI

Status After First Flight Simulation
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Independent Assessment 
Contract With STI

Status After First Flight Simulation

Low Power
in

Flight Test Data

Excellent agreement between flight test, flight simulation and Boeing 6-dof (MODSDF)

Phase, deg

Gain, dB

Yaw Rate to Pedal

T45TST45TS

6-8 Apr 99

From flight test:  More than 2 deg of roll was consistently remarked as “very uncomfortable”.
                            Below 2 deg of roll, it was often ignored.

From flight simulation
turn circle tests:

Independent Assessment 
Contract With STI

Status After First Flight Simulation
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Independent Assessment 
Contract With STI

Status After First Flight Simulation

T45TST45TS

6-8 Apr 99

•  Refine Boeing flight simulation
–  Adjust seat/pedal/heel-rest to T45 spec

•  Pilot-vehicle analysis:
–  Acquire flight test data from dissimilar aircraft
–  Complete pilot-vehicle analysis of ground handling dynamics:

>  Ergonomics (braking, steering crossover)
>  Control sensitivity and magnitude
>  Crosswinds

•  Refine tasks/metrics to quantify expected improvements
–  Define new, or modify existing tasks.
–  Quantify possible “improvements” in flight simulation

•  Present final report/recommendations: November, 99

Independent Assessment 
Contract With STI

Future Efforts
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EXTRACTION OF PILOT-VEHICLE
CHARACTERISTICS FROM FLIGHT DATA

IN THE PRESENCE OF RATE LIMITING

David H. Klyde
dklyde@systemstech.com
Systems Technology, Inc.

David G. Mitchell
Hoh Aeronautics, Inc.

Pilot-Induced Oscillation Research:
The Status at the End of the Century

NASA Dryden Flight Research Center
6-8 April 1999

8 April 99 PIO Research Status Workshop

PRESENTATION OUTLINE

Program Overview

Background

- Category II PIOs

- Airplane Bandwidth/Phase Delay Criteria

F-14 Dual Hydraulic Failure Flight Test Program

- Flight Test Data Description

- Flight Test Data Analyses

Conclusions
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PROGRAM OVERVIEW

Work performed by Systems Technology, Inc.
(STI) under a subcontract from Hoh Aeronautics,
Inc. (HAI)

Part of a HAI Phase II SBIR with the Air Vehicles
Directorate of the Air Force Research Laboratory

Air Force Project Engineer - Thomas J. Cord

F-14 flight data provided by Naval Air Warfare
Center, Aircraft Division

8 April 99 PIO Research Status Workshop

TIME HISTORY OF THE X-15
LANDING/FLARE PIO

Ref. NASA TN D-1057
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CATEGORY II PIOs

Essentially nonlinear pilot-vehicle system
oscillations with amplitudes well into the range
where rate and/or position limits become dominant

Transitional category between Category I and the
most general, nonlinear Category III PIOs

Most common jump-resonant, limit-cycle, PIO
event

Intrinsically severe PIOs

8 April 99 PIO Research Status Workshop

CATEGORY II ISSUES

Presence of rate limiting and other nonlinearities result in a
Frequency and Amplitude dependence

There are, therefore, a task dependent family of solutions
that will determine PIO susceptibility

Rate and/or position limiting within a closed-loop structure
will disrupt the aircraft augmentation as the limiter
becomes active

Criteria will be inherently more complicated in their
application

Ready applicability of criteria may imply a need for
specific software applications
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CATEGORY II FLIGHT DATA

All candidate criteria are tentative until validated with flight
data (qualitative & quantitative)

Until recently available flight data has been extremely
limited and incomplete (essentially time histories from
flight test of developmental aircraft)

HAVE LIMITS (USAF TPS Class 96B)

- Configurations flown with variable stability NT-33A

- Reference AFFTC-TR-97-12 (approved for public release)

USAF TIFS Study

- Parallel HAVE LIMITS with large aircraft configurations

8 April 99 PIO Research Status Workshop

BANDWIDTH/PHASE DELAY
REQUIREMENTS
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BANDWIDTH/PHASE DELAY

Use flight derived frequency response (nonlinearities
included) to compute Bandwidth (ωBW) and Phase Delay
(τp) parameters for a variety of input amplitude levels

Assume linear requirements apply to nonlinear (quasi-
linear) configurations at each input amplitude

A Bandwidth/Phase Delay locus that is a function of input
amplitude is overlaid on the linear requirements to define
PIO-prone regions

The input amplitude conditions (Ai) corresponding to the
boundary crossing of the [τp, ωBW](Ai) locus indicates a
critical region for possible onset of Category II PIO

8 April 99 PIO Research Status Workshop

BANDWIDTH/PHASE DELAY
(concluded)

The transition from a phase margin bandwidth condition to a
gain margin bandwidth condition can be indicative of a Category
II jump resonance phenomenon

A systematic approach to specify pilot input magnitude for
conducting frequency sweeps is needed

Drops in coherence occur whenever power is present in the
output that does not correspond to the PVS input, such as pilot-
induced noise (remnant), sampling harmonics, and nonlinearities

Analysis of available data often indicates a reduction in
describing function coherence in the neighborhood of the onset
or saturation frequency of the rate limiter
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DESCRIBING FUNCTION VARIATIONS
WITH INPUT AMPLITUDE

8 April 99 PIO Research Status Workshop

BANDWIDTH/PHASE DELAY
INPUT AMPLITUDE SENSITIVITY
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F-14 DUAL HYDRAULIC FAILURE
FLIGHT TEST PROGRAM

Navy flight test program was conducted from 10/90 to
3/91.

The back-up flight control module (BUFCM) was
evaluated for in-flight refueling and landing.

Maximum stabilator rates were 10 and 5 deg/sec for
BUFCM-HIGH and BUFCM-LOW modes, respectively.

Aircraft demonstrated good handling in formation flight.

A number of PIOs were encountered during in-flight
refueling, drogue tracking, and offset field landings.

An excellent PIO database was inadvertently created.

8 April 99 PIO Research Status Workshop

FLIGHT TEST DATA ANALYSES

Flight Test Data Description

Example Time Histories

Identification of Stick Dynamics

Effects of Rate Limiting

Identification of PIO Frequency and Task
Bandwidth

Airplane Bandwidth/Phase Delay Assessments
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FLIGHT TEST DATA
DESCRIPTION

High quality time history data for:

- 7 frequency sweeps

- 8 drogue hook-ups

- 2 drogue tracking runs

- 1 field offset landing

Runs were characterized by:

- Aircraft configuration: wing sweep, gear and flap positions

- Flight condition: altitude, airspeed, Mach number

- FC mode: SAS On, SAS Off, BUFCM-HIGH, BUFCM-LOW

8 April 99 PIO Research Status Workshop

BUFCM-HIGH FREQUENCY
SWEEP TIME HISTORIES
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BUFCM-HIGH DROGUE
TRACKING TIME HISTORIES

8 April 99 PIO Research Status Workshop

BUFCM-HIGH DROGUE HOOK-UP
TIME HISTORIES
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LONGITUDINAL
STICK DYNAMICS

8 April 99 PIO Research Status Workshop

EFFECTS OF RATE LIMITING
ON q/FLON
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BUFCM-HIGH
q/FLON CASE COMPARISON

8 April 99 PIO Research Status Workshop

BUFCM-HIGH DROGUE
TRACKING TIME HISTORIES
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PILOT INPUT PSD FOR
BUFCM-HIGH DROGUE TRACKING

8 April 99 PIO Research Status Workshop

q/FLON FREQUENCY RESPONSES FOR
BUFCM-HIGH DROGUE TRACKING
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PIO PHASE DELAY
REQUIREMENT

8 April 99 PIO Research Status Workshop

CONCLUSIONS

Frequency domain analysis techniques were
successfully applied to flight test data to obtain
describing functions in the presence of rate
limiting.

Results display the expected magnitude reduction,
significant additional phase lag, and input
amplitude sensitivity associated with rate limiting.

Frequency sweeps and drogue tracking runs
allowed for best extraction of PVS characteristics.
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CONCLUSIONS

PIO frequencies and task bandwidths were
identified from the pilot input PSDs.

Excessive phase delay due to rate limiting led to
PIO for both drogue hook-up and tracking tasks.

Results from the analysis of the flight test data
support the application of Bandwidth/Phase Delay
criteria for the prevention of PIO.
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COMPARISON OF PIO SEVERITY
FROM FLIGHT AND

SIMULATION

Thomas J. Cord

AFMC/AFRL/VAAD

NASA PIO WORKSHOP

APRIL 1999

PIO FREQUENCY AND
MAGNITUDE

• PILOT CONSISTENCY
– FLIGHT

– SIMULATION
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PIO FREQUENCY AND
MAGNITUDE

• EFFECT OF SIMULATION ENVIRONMENT
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TIME HISTORY
ILLUSTRATIONS

• GROWTH OF PIO MAGNITUDE

• INFLUENCE OF SAFETY PILOT
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OTHER OBSERVATIONS

• INFLUENCE OF PREVIOUS RUN

• INFLUENCE OF KNOWLEDGE THAT
TEST IS FOR PIO
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PIO TRIGGERS

• FLIGHT:  NOMINAL TASK PROVIDES
TRIGGER

• SIMULATION:  ARTIFICIAL STIMULUS
MAY BE REQUIRED

SUMMARY
• EFFECT OF MOTION - MINIMUM

CHANGE IN RATINGS, NOTICEABLE
IN PHYSICAL CHARACTERISTICS

• SAFETY PILOT - ENDS TASK
SOONER, MAY AFFECT MAGNITUDE

• EVALUATION TASK - KNOWLEDGE
OF PIO TEST MAY INFLUENCE
RESULTS, ARTIFICIAL TRIGGER
SHOULD BE CONSIDERED.

• PIO FREQUENCY - A RANGE NOT A
NUMBER
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FLYING QUALITIES GROUP

• ~1952 Air Force Control Laboratory

• ~1962 Air Force Flight Dynamics Lab

• 1979 Air Force Wright Aeronautical Laboratory

• 1989 Wright Research and Development Center

• 1991 Wright Laboratory

• 1998 Air Force Research Laboratory

• 1999 deceased (no FQ research office)
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PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

A Summary of the Ground Simulation
Comparison Study (GSCS)

For Transport Aircraft

 PIO Workshop at NASA-Dryden
April 6-8, 1999

 Terry von Klein
 Stability, Control, & Flying Qualities Group

Boeing - Phantom Works, Long Beach

PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

GSCS Goals

Fly a Test Transport Aircraft
– Degraded FCS Configurations
– Evaluate Pilot Induced Oscillation (PIO) Characteristics

Evaluate Identical Configurations in Simulation
– PIO Characteristics
– Motion & Fixed-Base Ground Simulation

Compare Flight Vs. Simulation
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PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

Test Facilities

Modern, High Wing
Transport Test Vehicle
– Specialized, One-of-a-

Kind Test Aircraft
– Fly-By-Wire Flight

Control System
– Change-A-Gain (CAG)

System

Motion-Base
Simulator
– Tuned to Test Vehicle
– Validated Math Models

PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

FCS Configurations

FLIGHT

CONDITION

FCS

CONFIGURATIONS

HANDLING QUALITIES

EFFECTS

High Speed

Cruise Condition

Pitch Phase Lag Add Up to 100 msec of Extra Time Delay in

Pitch Response

(285 KIAS, Clean

Wing, 25000 ft. )

Pitch Command

Sensitivity

Increase Pitch Response to Pilot Input By

a Factor of 2.0

Low Speed Pitch Phase Lag Add Up to 100 msec of Extra Time Delay in

Pitch Response

Power Approach

Condition

Pitch Command

Sensitivity

Increase Pitch Response to Pilot Input By

a Factor of 2.0

(145 KIAS, 12000 ft,

Flaps & Gear Down)

Roll Command

Sensitivity

Increase Roll Response to Pilot Inpu t By a

Factor of 2.2
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Pitch/Roll CAG Locations

PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

High Speed Evaluation Task

Boom Tracking Behind
Tanker Aircraft

Separation Distance of
Approximately 1 Plane
Length

Pre-Defined Scripts of
Boom Movement

Feet on the Floor

Adequate P erformance
D esired P erformance

S ky Point Marker
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PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

Low Speed Evaluation Task

Formation Trail Task
Following a Small
Leader Aircraft

Separation Distance of
Approximately 2 Plane
Lengths

Pre-Defined Scripts of
Leader Maneuvers

Occasional Pedal
Usage

Adequate Pe rfo rmance
Desired Pe rfo rmance

Wa te rline Symbol

PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

Testing Summary

Flight Test
– Two Evaluation Pilots
– One Flight of 5.5 Hours Duration
– Very Few PIOs Noted
– Formation Trail Task Higher Workload Than Boom

Tracking
– Potential for Structural Mode Excitation

Simulator
– Minimum of Three Evaluation Pilots
– Motion Response

Valuable at High Speed Test Points
Of Neutral Value at Low Speed Test Points

– Structural Modes Not Modeled
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Stability, Control & Flying QualitiesStability, Control & Flying Qualities

GSCS Status

Very Early in Data Analysis Phase

Complete Set of Flight Test Data

Similar Results in Fighter Studies

Variable Stability Capability of Test Vehicle
– Respect Flight Safety

PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

General Flt. Vs. Sim. Results

Simulator Harder to Fly
– Control of Separation Distance
– Differing Piloting Techniques
– Simulator Generally More PIO-Prone

Level of Target Aggressiveness
– More Aggressive Target Required in Flight

Pilot Ratings
– Inconsistent Pilot Rating Trends in Simulator
– More Consistent Pilot Ratings in Flight

Coupling Between Pitch and Roll Axes
– Degraded Axis Led to Perceived Change in Off-Axis

Low Speed Motion Cueing
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Stability, Control & Flying QualitiesStability, Control & Flying Qualities

Discrepancy Factors

Simulator Transport Delays
– Visual, Displays of Sensor Information, Motion

Reduced Simulator Cueing Environment
– Level of Visual Detail
– Depth Perception
– Visual System Field-of-View
– Visual System Alignment to Fuselage
– Motion Responses

Travel Limitations

Differing Pilot Input Spectra
– Pilot Adapting to the Situation
– Structural Mode Impact

PHANTOM WORKSPHANTOM WORKS
Stability, Control & Flying QualitiesStability, Control & Flying Qualities

GSCS Background

Sponsored By AFRL/USAF
– Technical Monitors:  Wayne Thor & Dave Leggett

Flight Test Planning
– August 1996 - March 1997

Simulator Evaluation & Analysis
– April 1997 - August 1997

Flight Testing
– August 1998

Data Analysis
– Ongoing
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1 Veridian EngineeringFlight Research Group
Intelligent Information Solutions for Global Security & SafetyIntelligent Information Solutions for Global Security & Safety

Veridian Engineering

Real ExperiencesReal Experiences
In The Frequency DomainIn The Frequency Domain

Randall E. Bailey
and

Andrew R. Markofski
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OutlineOutline

Background
Purpose of Briefing

Frequency Domain
Analysis
‘Fundamentals’
Real Data Analysis

Realistic Assumptions?
Concluding Remarks

“Real (and Imaginary) Experiences in the Frequency Domain”

• Not intending to be too “Complex” with this presentation on frequency
response analyses - therefore, the presentation title is only “Real Experiences in
Frequency Domain” as opposed to “Real and Imaginary Experiences in
Frequency Domain.”  Pun intended.

• This is the outline of talk.

• What is meant by “Real Data” is experiences where the assumptions needed
for frequency domain analysis are implicit -- unspoken, but may not be realistic
or compatible with data from real airplanes.

•  In many cases the ease of use of the tools themselves tempt an engineer to
treat the analysis as a black box.
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BackgroundBackground

Purpose:
Enlighten Users
(and Analysts)
Into Practicalities of
Frequency Domain
Analyses

Primary Issue:
Assumptions

“Engineers Will Typically
  Assume Everything But
  the Responsibility”

Anonymous Examples

• So the purpose of this presentation is an attempt to enlighten the users and
analysts involved in frequency domain based FQ/PIO criteria of the errors in
their ways…   To champion the cause of common sense over common practice.

• The problem is NOT necessarily the criteria or using the frequency domain -
the problem is that the analyses for nonlinear/real aircraft data are not trival nor
are they “independent” of assumptions. The criteria are not explicitly
considering these assumptions and the users are not aware of the assumptions.

• Engineers are infamous for “assuming” everything but the responsibility.
Assumptions are always used.   Keep knowledge of them and use engineering
judgment for applying techniques wisely.

•  Maybe not such a good idea to bash engineers in front of a roomful of
engineers.   Probably would have gone over better at SETP or at a board
meeting.   Hmmm….

• Anonymous examples are used in this presentation to highlight “assumptions”
- The examples are of using tools, applying these criteria and concepts rigidly.
The definitions in many cases need revision and clarification. Assumptions may
be incorporated in the criteria, or distributed to the user, or understood by the
user/analyst.  Wrong answers are being found.
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Frequency Analysis ‘Fundamentals’Frequency Analysis ‘Fundamentals’

r A t= sinω
W s( )

y

• Partial Fraction Expansion

• General Linear System

y t AR t( ) ( ) sin[ ( )]= +ω ω φ ω

Ref: Linear Control Systems, J.L. Melsa and Schultz, D.G.,
McGraw-Hill Book Company, New York, 1969

y s
R

s j

R

s j
other terms( ) =

+
+

−
+11 21

ω ω

 Particular Solution
(Steady-State)

 Complementary Solution
(Transient)

• For Particular Solution:

R W s( ) ( ) ,ω = φ ω ω( ) arg ( )= W j

The Frequency-Response Function 
of a Linear System

Is Uniquely Determined By the 
Time Response To Any Known Input

• Emphasis on FUNdamentals…  The fundamentals of freq. domain analysis are
that the response (y(t)) out of an arbitrary system (W) in response to an input, r,
can be decomposed by partial fraction expansion into essentially three terms
using Laplacian operators.

• The first two terms are the “particular” solution.  The remaining terms are the
“complementary” solution.

• The “particular” solution is the “steady-state” contribution of the response, y.
The time response, y, is thus described from the frequency response of black
box (or transfer function) where R= magnitude and φ = phase of W.

• The key to this fundamental property and why Frequency domain analysis is
so nice for engineering use, is that “The frequency response function of a linear
system is uniquely determined by the time response to any known input.”

• The key priniciples/assumptions to remember from this are: “LINEAR” and
“Ignoring the Other Terms”
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Frequency Response ComputationFrequency Response Computation

The System, W(s):
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l “Transient” Behavior
Is Assumed to Be
Inconsequential

l Steady-State Yields
One Frequency
Response Point

10-1 100 101

• An example of these principles is shown.

• Transfer function of system, W, is as shown.

• Input is 8.0 rad/sec sine wave.

• After transient behavior (assumed to be inconsequential), steady-state can be
used to find phase and gain (freq. response) at the input excitation frequency.

• The opposite principle also works (freq. domain to time domain) since we are
analyzing a LINEAR SYSTEM.
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Theoretical AssumptionTheoretical Assumption

Transient Behavior
Is Inconsequential

When Is It Not?
– Prime Aircraft

Example:
Unstable Systems
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Time Response

•  THEORETICAL = do not apply to REAL WORLD

First example of a BAD ASSUMPTION.

•  Ignoring “transient behavior”

For example, the best example of when this is a problem is for an unstable
system.

Unstable systems have frequency responses.  The uniqueness properties
between time and frequency domain still apply.

The problem is that it is impractical for this identification in the real-world.
From the time response, the transient behavior “overwhelms” the time response
and the “steady-state” frequency response characteristic is “hidden” in all
practical sense of the word.

This point will be returned to at a later point in presentation.
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Fast Fourier Transformations (Fast Fourier Transformations (FFTsFFTs))

Why FFTs?
Extremely Efficient
Algorithms for
Computation of
Spectral (Frequency)
Characteristics

– Utilizing Power of 2
Significance in
Fourier
Transformation

Entire Frequency
Response “Answers”
from One Data Run
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Linearly-Varying “Pilot” Input

• Most practical method for frequency response computation occurs from Fast
Fourier Transformations.

• Extremely efficient algorithm for transformation to frequency domain.
Utilizes power of 2 in time history sample.

• “Entire” answers from one time history.

•  Involve a whole set of their own ASSUMPTIONS
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Frequency Responses On Your PC!!!Frequency Responses On Your PC!!!
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• Example of time response and frequency response.

• Example showing a “linearly varying” frequency input.

• Note that this is for a linear system.

• Everyone can do them.  No pain, no suffering.

• Tools make it easy to apply FFT without looking at the whole picture.

• Of course, now that everyone can do them.  Everyone does. Do they all know
the “underlying assumptions” involved in this transformation?

•“Garbage In, Garbage Out”?

• “A Little Knowledge is a Dangerous Thing”?
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Input / Excitation ImportanceInput / Excitation Importance

“Optimal” Input
“Shape” for FFT
Computation?
Broadband Input?

Linear Profile Sine Sweep
Log. Profile Sine Sweep
Schroeder-Phased Signal
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Schroeder-Phased Input

• A practical matter, not considered by many, is the importance of the input
excitation.

• Unlike the “frequency sweep” input, it is not the “optimal/ideal” input

• Schroeder-phased inputs are better.  Chirp-z inputs are also better.

• We will visit the importance of input on the next chart.
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Assumption about InputsAssumption about Inputs

All (Freq. Sweep) Inputs Are As Good As Any Other
Considerations:

Input Amplitude  /  Input Rate  /  Frequency Content   /
Analysis Technique   /   Flt Condition
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• Another bad assumption illustrated concerning inputs.

• In practical terms, the input for the frequency sweep has to consider: the
amplitude, amplitude rate, frequency content, analysis technique that will be
used, and flight condition.

• Again, for Single-input, single-output, no noise, linear, time-invariant system
analysis, all of these items are immaterial (with exception of frequency content).
This is NOT the real-world.

• Input amplitude: important for signal-to-noise ratio.

• Input rate: important for “rate-limiting effects”

• Freq. content - determines range of “val id” data

• Analysis technique - ensembling of windowed data usually requires
“broadband” / noise-type exci tation across entire time history.
Schroeder-phased inputs are tuned to frequency FFT harmonic
frequencies (for lack of a better word).

•  MORE DATA = Better???  Only for certain circumstances

•   Flight Condition - Tradeoff between “constant” flight condition and accurate
low frequency identification.  Phugoid issues in particular.  Low frequency
inputs will excite phugoid (i.e., speed changes) - these are “real” effects yet can
be “different” than what some people want (i.e., constant speed approx. for
instance).  Have to be careful what you asked for...
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Identical System / DifferentIdentical System / Different
Answers?Answers?

Input 2Input 1

• Input 1 and Input 2 Differ Only In Magnitude

• An example of input importance.

• System under identification is identical.

• Comparison of two frequency responses generated using two different sized
inputs.

• Very, very different results depending upon input size.

• System was nonlinear.

• Analyst said - “what’s going on.  You asked for frequency responses and I got
different “answers” every time.”
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Rate Limiting In FCSRate Limiting In FCS

Digital Flight Control System (DFCS)

Pilot
Command
Rate Limit

Feed-
Forward
Control

Laws

Surface
Command
Rate Limit

Rate-
Limited

Actuator
Aircraft

Command
Path
Rate

Limiters

Feedback
Control

Laws

Pilot
Inputs

Many Other Nonlinear Elements
Abound
Nonlinear Elements Can Be Very
Desirable / Valuable Tools For
Excellent Flying Qualities

• A schematic diagram of “typical” rate limiter locations.  Many other
“nonlinearities” abound - not shown.

• Some limiters are intentional and necessary (ie., the surface command limiter)
- others are physical limitations (i.e., the actuator)- some are used “erroneously”
(such as the pilot command rate limiter) because HQDT “requires” it.  (For
instance, if max. value, unrealistic inputs are used just for “PIO” evaluation, an
easy solution for the designer is to slap a “pilot command rate limiter” in the
forward path.  The result is that a “PIO” will not happen for the unrealistic
HQDT task.  However, the real result is that 20-25 msec of time delay is now
added to the fl ight control system and the potential for a real PIO is increased
just because some people teach the wrong thing for HQDT.)

• Nonlinearities are not bad.  In fact, they are quite the opposite.  They are
necessary for good FQ.  The only problem is making sure that the FQ tools can
identify these “good” qualities and not legislate against them.

376



SPIE99 Vus, Slide 13 Veridian EngineeringFlight Research Group

Theoretical Assumptions about the SystemTheoretical Assumptions about the System

Issues in Frequency
Response Derivation:

Single-Input, Single-Output
Linearity
Time-Invariance

– Stationarity

Unstated Assumption:
Linear Time-Invariance
(LTI)

This is not an LTI system

•  THEORETICAL basis = do not apply to REAL WORLD

•  The assumptions in freq. response derivations are:

• (Many times, but not necessarily) Single-input, single-output (I.e., output is
caused only by the one input)

• (Always) Linearity (ie., linear system is q=Mαα+..., nonlinear system is
q=Mα2α2 etc. )

• (Always) Time-invariance (ie., y = function of time) (Stationarity is the
“controls engineers” term for time invariance)

• Linearity conditions are easily violated by changes in flight condition, position
and rate limits, breakout force, friction, hysteresis, nonlinear command
gradients, etc…

• Time variation is also a rate limiting effect.  In other words, the FFT analysis
is assuming that over the time period for the identification, that the system has
not changed.
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Rate Limiting Effects InRate Limiting Effects In Freq Freq..
DomainDomain

• Can rate limiting affects be identified in Freq. Domain? Yes.  Here’s an
example.

• Note phase rolloff and amplitude attenuation.

• However, the most important condition for this result is that the rate limiter is
no longer “time varying” - it’s a quasi-steady.  See rate signal above.

• HOWEVER, hard part - for this to occur, amplitude and frequency of the input
to the rate limiter element depend on lots and lots of factors in real situations
that cannot typically be predicted or repeatable from run-to-run, pilot-to-pilot,
etc.

•  Particularly for rate limiters that are “buried” in a control law - that is, the
inputs depend not only on the pilot inputs but also on the feedbacks, etc.  A
prime example is the actuator command rate limiter shown on a previous slide.
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“Typical” Frequency Response“Typical” Frequency Response

• Here’s a more “typical” example.  Note variation in rate limit.  Also, noise is
added to input and output.  (Not a laboratory condition!!)

• Introduce “coherence function” at this point.

Purpose: Evaluation of “goodness” of FFT.

Real name: “Ordinary” coherence function for SISO case.

• Coherence lets analyst know if FFT/freq. resp. is “valid”

• Not valid (ie., coherence values go <1)  if:

1) Extraneous NOISE is present in the measurements

2) System relating x and y (input and output) are not linear

3) Output is due to input as well as other inputs -- not SISO
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“Accepting” Error in Identification“Accepting” Error in Identification

Ignore Significance of
Coherence

“Ordinary” Coherence
<1.0

– Noise
– Nonlinearities
– Not SISO

Coherence
“Significance” Has Been
“Lost”

System Identification
From Tracking (SIFT)

– AFFTC-TR-77-27, Nov.
1977, Twisdale & Ashurst

Must Re-Establish Its Role

• Reiterate: Ordinary Coherence < 1 - Noise, Nonlinearity, Not Single-Input,
Single Output (ie., multiple inputs, turbulence, etc can cause violation of SISO)

• Can’t just “ignore” coherence - have to understand why coherence does equal
1.0.   Involves more analysis of the input and output, and tracking the error.

• Coherence has been used as a “discrete” ie., if coherence>0.6 data is “good”
Not a good thing to do unless you make that level very stringent (coh>0.9,
>0.95).  Can be dangerous (Bad Assumption).  Coherence is similar to
correlation coefficient analogy.  1.0 correlation is “perfect.” Correlation = 0.6,
correlation to real data is not good.  Many examples of coherence >0.6, <0.9
where data was “bad.”  (i.e., not what was expected.  If left un-investigated,
would have gotten wrong answer)

• More appropriately, coherence is directly relatable to error in frequency
response estimate.  This significance has been lost!  (Twisdale did this 20 years
ago!)

• Must get back to its signficance if frequency response analysis is going to do
anything for us.

•Answers from criteria using this data will tend to be regions rather than points
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Common Practice AssumptionCommon Practice Assumption

Following
“Established” Rules

Equivalent Systems:
Typical Range for
Match:
0.1 to 10-20 rad/sec

– Ignoring Coherence,
or

– Using All Data Points,
Thus, Distorting
Weighting Functions,
or

– Identification /
Inclusion of Low
and/or High
Frequency LOS Terms
Beyond “Valid” Data

Valid Data
Freq. Range

• We’ve had experience where - after “derivation” of a frequency response, the
“rules” are blindly followed for such things as an equivalent system.

•  Neglects phugoid, high order & nonlinear dynamics, structural dynamics,
sensor dynamics, and recording filters.   Assumes constant flight conditions.

• Coherence has been ignored (see previous slide)

• Persons have used “all the data points” from a FFT for equivalent system
derivation. This inappropriately weights the high frequency equivalent systems
match at the expense of the low frequency due to the 1/dt frequency spacing of
the data (more pts at high freq., fewer at low freq.)

• Although the freq. range of valid data was “narrow,” extrapolation outside the
range was allowed to get a “equivalent match.”  Unfortunately, answers can be
MISLEADING.
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HAVE LIMITS ExampleHAVE LIMITS Example

Configurations

2D: stable with
rate limit in
command
path only

2DU: unstable
augmented
to get 2D
characteristics with rate limit in feedback

  Flew with rate limits from 60 to 10 deg/sec

• This is a Simulink diagram used for the “Have Limits” flight test program.

• This model was used to assist the engineers in visualizing the set-up of the
experiment.

• Subsequent to the experiment, this model has been distributed to users to aid in
analyzing the “Have Limits” data.

• Key “feature” in the data base, analysis, and set-up for the “Have Limits”
flight test is Configurations 2D and 2DU.

• Config 2D has the rate limiter in the forward path only.

• Config 2DU was a simulated unstable airframe - using analog feedbacks,
without rate limiting around the NT-33 Airframe - with an outer loop feedback
structure to augment the simulated unstable airframe to match Config 2D
dynamics.  The key difference is that the rate limiting term includes the
feedbacks for Config 2DU and an unstable airframe.
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Rate-Limiting “Effects”Rate-Limiting “Effects”

Problem With 2DU
is Instability

Rate Limiting
Caused “Lock-
Out” of Control
With 60 deg/sec
Rate Limit
CHR: Two 10’s
Same Rate Limit
in Forward Path
Showed No
Noticable FQ
Degradation

-60

-40

-20

0

M
ag

ni
tu

de
 (

dB
)

Configuration 2du; Rate lim it = 90 deg/sec; FFT Method = tfcomp2; Swp = chirp  

2d    157 deg/sec
2du   90 deg/sec

-400

-200

0

P
ha

se
 (

de
g)

10-1 100 101
0

0.5

1
C

oh
er

en
ce

Frequency (rad/sec)

•  In a very brief summary, a key conclusion from the Have Limits program is
that Config 2DU have very poor flying qualities.  Pilot Ratings were 10 for the
least amount of finite rate limiting (ie., with 157 deg/sec rate limiting -
essentially no rate limiting, 2DU got ratings of 2, 5, and 4.  But for as little as 60
deg/sec rate limiting, two 10’s were given.

•  The FQ deficiency for Config 2DU was loss-of-control.  Once the aircraft was
on the rate limit, the feedbacks were locked-out and the aircraft entered a
departure scenario.  (NT-33 VSS was disengaged upon loss-of-control).

•  Same rate limit, in forward path, was not a noticeable flying qualities
influence.

•  Using the Simulink model and assuming a pilot input size, “rate limiting”
effect in frequency domain is noted.

• Issues:

1 - have to “assume” a pilot input size;

2 - can’t get freq. domain “answers” for rate limit values < 90 deg/sec
Only done analytically, not flown.
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Identification of Unstable SystemIdentification of Unstable System

With Control
Lock-out Due to

Rate Limiting
Incoherence

Time-
Varying
System
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• As example, for 20 deg/sec rate limit, the frequency response data for 2DU is
garbage.  Reason: the aircraft hits a loss-of-control issue.  Time varying system
with nonlinearity.  Also, once aircraft is in rate limiting, the feedback is
“ignored” and the bare airframe characteristics are what is being identified.

• The results are essentially not valid.
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Transient Response DominatesTransient Response Dominates

Time Response shows
when the rate limit is
encountered, 2DU
reverts to unstable
open loop system.

FFT-derived frequency
response is not valid

Control Of Vehicle “Lost” - Departure

• Here the time history really shows what’s going on.  Specifically, like the
earlier example, the transient response is NOT negligible.

• Once aircraft is in rate limiting, the feedback is “ignored” and the simulated
unstable bare airframe characteristics are driving the response

•  Once the rate limiting starts with Config 2DU loss-of-control occurs.  Note
the time histories where alpha goes +/- 25 degrees and the g’s go way beyond
+/-2 g’s.  (The plot is artificially limited to +/- 2 g’s)

•  FFT-derived frequency response is not valid since it is no longer linear
aerodynamics or time invariant.

•  In fact the response immediately goes beyond the scope of the small
perturbation model.

•  These agree with the results experienced in the flight experiment.
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Concluding Remarks (1)Concluding Remarks (1)

Frequency Response
Derivations

Extremely Valuable
Information
Most ‘Common-
Knowledge’
Properties Only
Pertain to Linear
System Analysis
Caution / Care Must
Be Used In Real
Situations Particularly
Nonlinear, Time-
Varying  Systems
Analysis

– i.e., Today’s
Aircraft!!

• Said enough.  Just summarizing the points...

• Don’t let them kill the messenger, Andy.

• Reiterate that Freq. Domain analysis IS a powerful tool - very useful.
However, it can’t be used carelessly.  Unfortunately, it is...

• I’ve cited some examples.  Many, many more were available but I couldn’t put
them into a 30 min. presentation.
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Concluding Remarks (2)Concluding Remarks (2)

Tools & Techniques for
Proper Analysis Are
Available

e.g., System
Indentifcation From
Tracking (SIFT)

Retain Engineering
Judgment in Analyses
Scrutinize Assumptions
Develop ‘Standards’

• Reiterate that tools are available or can be developed.  Not rocket science.

• Clearly, evidence abounds that the fundamentals of frequency domain analysis
are being ignored, forgotten, whatever - but things will get worse if they don’t
stop, step back, and think about what is being proposed and done.

• Standards for analysis will help.
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Erroneous Rate Limiting EffectErroneous Rate Limiting Effect

Criterion Indicates
“PIO” Problem

AIAA-99-0639
“Determining
Bandwidth in the
Presence of
Nonlinearities”

FQ Data Shows
Loss-of-Control for
Config 2DU

Correctly Predicts
Pilot Rating for Wrong
Reason?

Ref: AIAA-99-0639

• In AIAA paper 99-0639, frequency domain data was presented for these cases.

• Don’t know how these data were generated - can’t repeat analysis.

• Further, they should show unstable aircraft behavior.  They don’t

• Finally, the frequency responses in 99-0639, show a feedforward, time delay
effect of rate limiting - not the loss-of-control issue.  That’s what the bandwidth
criteria, shown on the plot, indicate.

• Basically the criteria are predicting the right answer for the pilot rating, but for
the wrong reason.  The real data - the pilot comments - don’t match the criteria.
The criteria doesn’t say “loss-of-control” for this configuration.
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Wrong Model For SituationWrong Model For Situation

Simulink Model
Uses Small
Perturbation Linear
Aircraft Model
Not Intended for
“Nonlinear” PIO
Analysis

– Used for
Visualization of
Aircraft Set-Up

– Small Perturbation
Checkcases

Control Of Vehicle “Lost” - Departure

• Another problem with these analyses is the use of the Simulink model.

• The model was intended for visualization by Calspan and AFTPS engineers of
the experiment.  It was also used for small perturbation checkcases.

• The model uses a simple three degree-of-freedom, small perturbation math
model of the NT-33.

• The scope of the validity of this model has NOT been determined.  However,
clearly, it is not valid once the rate limiting occurs with Config 2DU and loss-
of-control occurs.  Not the time histories where alpha goes +/- 25 degrees and
the g’s go way beyond +/-2 g’s.  (The plot is artificially limited to +/- 2 g’s)

• Again, the model was never intended for the purposes that it may be being
used for at this time.  This should have been obvious from inspection of the
“aircraft” model form.

389



Pilot Modeling for Resolving
Opinion Rating Discrepancies

David B. Doman

Air Force Research Laboratory

April 8, 1999

Background

• Inter/Intra pilot opinion rating variability has confounded flying
qualities engineers since the inception of the rating scales

•A method for extracting quantitative information from
experimental data to provide insight into rating variability and help
gauge the validity of ratings would result in a valuable engineering
tool.

•Idea #1  Extract metrics developed for pilot-in-the-loop flying
qualities criteria from experimental frequency response data.

•Idea #2  Estimate a range of ratings by using highly accurate
models of pilots and varying physiological parameters over a
reasonable set of values.
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Pilot-in-the-Loop Pitch Tracking

Performance - Workload Criteria

Neal-Smith, Bacon-Schmidt, Efremov MAI:

•Closed-loop resonance

•Pilot phase compensation,  (Pilot phase excluding
neuromotor lag and time delay)

•Each assumed all pilots behave the same

Neuromotor lag (related to aggressiveness) and time delay
vary over pilot population, What range of pilot ratings can
be expected?
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Optimal Control Pilot Models

Assumptions

• Compensatory Tracking (SOS)

•Minimize mean squared frequency weighted tracking error
subject to human operator limitations

Control rate weighting f directly linked to pilot’s neuromotor
dynamics.
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Bacon-Schmidt and NS-2D

Evaluation of NS-2D (USAF/LAMARS)

Pilot N

Pilot A

8/1=nτ

6/1=nτ
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Aggressive vs. Normal Behavior,
Single Pilot (PC Simulation)

13/1=nτ

5.8/1=nτ
o

pc 76max =φ

o
pc 111max =φ

Conclusions

•OCM methods have the potential to describe differences in and
among pilots in closed loop compensatory tracking tasks for
linear controlled elements.

•High frequency roll-off characteristics of the human appear to
be higher than 1st order as predicted by OCM.

•Performance and workload metrics extracted from OCM fits to
experimental data could provide insight into rating variability
and possibly help gauge the validity of ratings.

•Use as a predictive tool to estimate the range of ratings that
could be expected from a pilot population by varying time
delays and neuromotor lag time constants over a reasonable
range.
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In closing:

• “All happy families are alike, but each
unhappy family is unhappy in its own way.”
Leo Tolstoy, Anna Karanina.

• “All good aircraft are alike, but each bad
aircraft is bad in its own way.” Mary Shafer
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Pilot-Induced Oscillation Research:
The Status at the End of the Century

NASA Dryden Flight Research Center
Edwards, CA

6-8 April 1999

For well over a century, as long as people have been gliding and flying, aviation safety
has been threatened by pilot-induced oscillations (PIOs).  As our calendars prepare us
for 2000, the time for reviewing the status of PIO research is at hand.  NASA Dryden
Flight Research Center is pleased to sponsor an open workshop doing just this in a three-
day session on 6-8 April 1999.

The last public presentation of PIO research was in 1995 and since then, a number of
major PIO research programs have been completed.  The results of these programs will
be presented at this workshop, as will be the results of other studies, hypotheses, and
proposals for further research.

The only restriction is that discussion be limited to safety-related PIO; possible topics
include criteria, simulation and flight testing, the pilot’s role, design considerations, recent
experiences, rate limiting effects and minimization techniques, civil certification, military
acceptance testing, analytic techniques, and more.  In no way is this the entire list of
possible topics and your participation, discussing any topic you feel is relevant, is
solicited.  It may be that the coffee-break talk alone can offer some insight into a difficult
problem you have.

As this is a workshop, with short notice, the expectation is that presentations will not be
as formal as conference papers.  Copies of the presented material, with whatever
supporting material the presenter offers, will be produced.  If possible, the entire
workshop will be videotaped and copies will be available.

This workshop will be unclassified and open to anyone interested, regardless of affiliation
or citizenship.  There is no fee for attending.  For planning purposes, however, an
estimated attendance is required; the response form indicates a variety of methods for
responding, however tentatively.  Requests to attend must be received by 19 March.

Presentations must be proposed by 5 March.  Presentation requirements, as indicated on
the response form, must be received by 19 March.  Dryden can support viewgraphs,
35mm slides, videotape, and PowerPoint projection (other software requires providing
PC-based software).  Advance submission of presentation material and supporting
material will aid the production of copies for attendees before the end of the workshop.
Presentations are nominally scheduled to last 30 minutes, with 10 minutes for questions.
Should this be insufficient, please explain the need for more time on the response form.

Please circulate this announcement to anyone you think will be interested.  Anyone
interested in handling qualities, PIO, aviation safety, pilot-vehicle interfaces, and related
topics should be informed of this workshop, as other forums for discussing such topics are
no longer common.

Please respond quickly if you think you might attend,
particularly if you are considering making a presentation
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Pilot-Induced Oscillation Research:
The Status at the End of the Century

NASA Dryden Flight Research Center
Edwards, CA

6-8 April 1999

Attendance     (Reply by 19 March, please):

Your full name: _____________________________________________________

Name you want to be called by, for badge ________________________________

Affiliation ______________________________________________________

Address for further _________________________________________________

mailings about _________________________________________________

the workshop _________________________________________________

Telephone ______________________Fax number _______________________

E-Mail address _________________________________________________

Preferred method for further contact:  __ Mail  __ E-Mail  __ Fax  __ Telephone

Presentation     (Reply by 5 March, please):

Title _____________________________________________________________

_____________________________________________________________

Co-Authors _______________________________________________________

Presentation media: ___ Viewgraph  ___ 35mm slides ___Videotape

___ PowerPoint  ___ Other software ___ Other medium

Special requirements
________________________________________________

Send this form, as soon as possible, to:
NASA Dryden Flight Research Center
Ms Mary Shafer
Mailstop 4840D
P.O. Box 273
Edwards, CA  93523-0273
(805) 258-3396 (workshop only) or (805) 258-3735 (regular number)
(805) 258-2586 (Fax) or email to Mary.Shafer@dfrc.nasa.gov
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Pilot-Induced Oscillation Research:
The Status at the End of the Century

NASA Dryden Flight Research Center
Edwards, CA
6-8 April 1999

Presentations Information:

All speakers who prepared their presentations with PowerPoint are implored to bring a copy on disk, plus
a duplicate disk, for direct projection.  We will have the projector and a computer with the software and
would greatly prefer to project the computer version rather than resort to using transparencies.  We find
that the projected computer image is superior to the projected viewgraph.  Speakers who used other
software can also project directly if they can bring a laptop or a version of the software that allows reading
the images, although such speakers would be wise to bring viewgraphs as a backup on the off chance
that this won’t work.  E-mail me if you didn’t use Word or PowerPoint and we’ll see what we can do.

Speakers who are using the projection system are asked to bring a paper copy for adding to the
handouts; if color is important to understanding the viewgraph, I can make a limited number of color
copies, I think.

Any speakers who want more than 30 minutes for their presentations should let me know immediately.
More time is available, but I can’t allocate it unless I know who needs it.

The preliminary schedule has, as is inevitable, changed, but most of the changes are to the order of
presentations within session.  Speakers whose presentations have been moved to other sessions have
been consulted before the move was made.  I’ll send out a revised copy by Friday.

SR-71 Tour:

I’m still working on getting permission to have the SR-71 tour.  If it is granted, the tour will be during the
second half of the time set for lunch on either Wednesday or Thursday and the schedule adjusted
accordingly on the other day.  For those not familiar with hangar visits, there are just a few obvious rules.
1. Stay 15 ft (5 m) back from the aircraft unless the crew chief gives permission to come closer.
2. Don’t touch the airplane without permission
3. Photos are allowed, but flash bulbs (not built-in flashes, but the actual bulbs) are not allowed
4. If we are allowed to look at the cockpit, secure all loose items in shirt and jacket pockets, so that they
don’t fall into the cockpit and FOD it.
5. Watch your step, as there are cables and hoses on the hangar floor.

Getting Here

For those flying into the Los Angeles area, it will be necessary to drive to Lancaster (where the hotels are)
and to Edwards.  There are a number of airports in the area but Los Angeles International (LAX) is the
most likely destination, although those who can fly into Burbank will find the drive shorter and easier.  If
you’re arriving at LAX, you will take Century Blvd to the San Diego freeway, the 405, and get on it going
north (Sacramento is likely to be mentioned) by going under the freeway and then right onto the on-ramp.
Go north until the 405 merges with the Golden State freeway, the 5, and keep going north (this is the easy
and obvious thing to do).  A few miles beyond that take the Antelope Valley freeway, Hwy 14, north.  This
splits off the 5 on the right side and the city name is Lancaster.  Stay on Hwy 14 until you get to Lancaster
and then follow the instructions below if you’re going to your hotel.



404

If you’re arriving at Burbank, turn left out of the airport and go to the Hollywood Freeway, about two miles.
Get on it going north and when you reach the 5, get on it going north.  Keep going until you get to Hwy 14
and then proceed as described above.

To get to Dryden, take Hwy 14 north to Rosamond and exit at Rosamond Blvd, going east, to the right.
Stay on Rosamond Blvd.  In about 10 mi, you’ll come to the Edwards AFB guard post, where you must
show identification.  Those of you with DOD or NASA ID will be waved in when you show it to the guard.
Those with other forms of ID should do as directed by the guards.  Pre-registered attendees will be on a
list for admission.  If there’s any difficulty, tell the Air Force guard that you’re attending the NASA PIO
Workshop; if there’s any further difficulty, ask the guard to call 258-3273

Dryden is about 10 mi beyond the guard post; stay on Rosamond Blvd though Main Base.  The road will
narrow to two lanes (from four) and you may think you’ve gone too far.  About a mile after the road
narrows, you’ll see a number of metal bleachers on the left.  The road to Dryden is on the right, just
beyond these.  There are signs, of course, and you can see Dryden down on the lakeshore.  Turn right,
cross the railroad tracks, and turn right at the second opportunity, just before the HL-10 lifting body on a
plinth.  Turn left into the parking lot right after you go by the F-104G, X-29, and two F8s.  Walk to Visitor
Registration, just across the street from the X-15 mockup, and go to the workshop registration desk.

Amenities:

The room we’re meeting in is adjacent to the cafeteria.  It is open for breakfast and lunch and also for
breaks.  The afternoon breaks will begin before the cafeteria closes at 1400.

The Dryden Museum and Gift Shop is in the same building and is open to the public. The Gift Shop sells
film in addition to a variety of aviation and space-related souvenirs, including tee shirts, models, toys,
pins, photos, and similar goods.  They now take credit cards.

The Dryden Exchange, inside the facility, sells stamps and common over-the-counter remedies and
toiletries (the cafeteria sells some remedies, too); access is easily arranged.  The Dryden credit union can
handle minor financial transactions, such as cashing traveler’s checks (in US dollars); again, access can
be arranged.

Dryden has public tours twice a workday; anyone willing to miss a portion of a session can go on the tour
if there’s enough space.  Additionally, AFFTC runs a tour of Edwards on Friday morning, so anyone with
an extra day can do the AFFTC tour on Friday morning and the Dryden tour on Friday afternoon.  Let me
know if you want to do this, as reservations are required.

Lodging:

The better hotels are in Lancaster, which is 35 mi (and about 45 minutes, counting parking) from Dryden.
This list is just a few of them, mostly with restaurants and all the usual facilities.  Members of the AAA can
find a more complete list in the guidebook for California.

Desert Inn
44219 Sierra Hwy,
Lancaster
661 942-8401
661 942-8950 fax
mkt@desert-inn.com
Government rate $60 + tax, corporate rate $62 + tax
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Leave 14 at Ave K, turning right (east), go a little over a mile to Sierra Highway (just before the railroad
tracks) and turn left.  The Desert Inn is a little more than half a mile, on the left.

Antelope Valley Inn
44055 Sierra Hwy
Lancaster
661 948-4651 (800 528-1234 for Best Western reservations in US)
661 948-4651 fax
Government rate $63 (includes breakfast & 2 bar drinks every day), corporate rate $63 + tax

Leave 14 at Ave K, turning right (east), go a little over a mile to Sierra Highway (just before the railroad
tracks) and turn left.  The Antelope Valley Inn is about half a mile, on the left.

Inn of Lancaster
44131 Sierra Hwy
Lancaster
661 945-8771
661 948-3355 fax
Government & corporate rate $58.85 (includes breakfast every day, dinner Tuesday and Wednesday)
 Leave 14 at Ave K, turning right (east), go a little over a mile to Sierra Highway (just before the railroad
tracks) and turn left.  The Inn of Lancaster is about half a mile, on the left.

Oxford Inn
1651 West Avenue K
Lancaster
661 522-3050 (800 522-3050 for reservations in US)
661 949-0896 Fax
Government & corporate rate $55 + tax (Continental breakfast and happy hour included)
Marie Callender’s Restaurant on premises

Leave 14 at Ave K, turning left (west), going under freeway.  The Oxford Inn is on the right, quite close.

The Essex House
44916 10th St. West
Lancaster
661 948-0961
661 945-3821
essexhouse@hughes.net
Government & corporate rate $62 standard room, $74 king, $78 suite (Buffet breakfast weekdays,
continental breakfast weekends)

Leave 14 at Ave I, turning right (east) and go a little over a mile to 10th Street West, turning right.  The
Essex House is about 0.25 mi, on the left.
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One loose end to tack down and some information on the local climate for
people not familiar with the Southern California High Desert.

For larger PowerPoint presentations that won't fit on a diskette, there are two
other options, CD-ROM or Zip.  The laptop we'll be using for projecting has
both a Zip drive and a CD-ROM (DVD, actually) drive.

Weather and what to wear:

Dryden is an informal place and I suggest that attendees adapt to the local
standards.  Business/government casual, which for engineers starts here at
jeans and tee shirts and goes on to a point just short of dress shirts and ties
(and for pilots starts and stops at flight suits), is suggested.  I'm sure
everyone will reach a proper balance of comfort, casualness, and
appropriateness.  As it is Spring here, a layered approach is often wisest.

The average high temperature for the week of the workshop is 70 degF (21
degC, if I've done the conversion correctly) and the average low is 42 deg F
(5.6 degC).  The average precipitation for the entire month of April is 0.01 in.
(0.3 mm), so we're unlikely to have more than a trace of rain.  I personally
expect clear blue skies for the entire workshop.  However, there is a fair
chance of some wind, in which case the highs will be lower and the lows will be
higher and, more to the point, the so-called wind chill factor will make it seem
even colder.  Right now, on Wednesday, 31 March, we've got a cut-off low in
the area and it's blowing about 30 kt, maybe a little more, and the
temperature is about 55 degF (13 degC), so I've got a lined jacket instead of
the shell I use to keep off the morning chill.

We'll either have lovely spring days with blue skies and comfortable
temperatures or we'll have windy, cool spring days or a combination of the
two.  This is why I suggest layers--a short-sleeved shirt with a wind-proof light
jacket over light to medium-weight slacks or trousers.  Just in case I've been
overly optimistic about the rain, an umbrella might not be a bad idea.
However, even at its worst, the weather shouldn't be terrible, just a bit
uncomfortable.  It is Spring, a freeze is unlikely, and trees and bulbs are
flowering.  There may even be some wild flowers to see, although we didn't
get enough rain in the winter to make a big show and it's too early for the
California poppies.
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Attached in MS Excel format is the almost-final version of the schedule
(agenda).  If you can't read this, there's a version with CSV comma-delimited
text (agendatxt), although I'm skeptical about its readability.  Flat text doesn't
seem to be an option.

However, it probably doesn't much matter, as long as you show up at 0800 or
so on Tuesday.  Everyone getting this e-mail will be on the list for the USAF
guards to admit, so there shouldn't be a problem.

I'm looking forward to seeing everyone and I think we're going to have a good
time.

We will be allowed to see the SR-71s; I'm now negotiating whether we will be
allowed to look inside the cockpit.

Tom Cord is arranging a social event at the Officers' Club (Club Muroc),
probably on Tuesday evening.  It's not an official event, but attendance is
encouraged.

The Weather Channel is currently predicting "cool" temperatures and rain
showers on Tuesday, moving out on Wednesday, and warmer on Thursday.
This is coming down out of the Gulf of Alaska and may miss us, but probably
won't since I've gathered so many people together here.  I interpret "cool" as
around 50 degF, by the way.

Regards,
Mary

PS.  If anything desperate requires you to contact me over the weekend, you
may call me at 661 942-7434.  MFS
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To: Members of RC Branch

There will be a workshop "Pilot-Induced Oscillation Research: Status at the
End of the Century" here at Dryden on 6-8 April.  I have attached the almost-
final agenda (in Excel).

Pat thinks it important that members of the branch participate as much as
possible in this and I'd like to invite everyone to stop by for as many
presentations and discussion as you can manage.  The people speaking and
attending are all well known and highly regarded, so we'll have a chance to
hear the latest news from the people who really know.

Nothing special is required for Dryden personnel to attend.  None of the
material presented is classified or limited in distribution.  I will have copies of
the material presented for those who can't make it, although the discussion is
often more interesting and informative than the actual presentations.

I hope to see many of you there.

Mary
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Appendix 2
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This presentation gives an overview about results of PIO-investigations
obtained from a flight test program on DLR’s flying simulator ATTAS
(Advanced Technologies Testing Aircraft System).  ATTAS is a small civil
a/c, which has been developed as a full Fly by Wire In-Flight-Simulator
with a safety pilot in the right seat.

(This presentation has been prepared by Dr. Holger Duda and Gunnar Duus
and myself)
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The contents:

– 1. The aircraft-pilot coupling phenomenon is illustrated briefly. Criteria for
APC-prediction are discussed, emphasizing the OLOP-criteria for
prediction of nonlinear APC.

– Thereafter the main results of recent ATTAS-experiments, with respect to
experiment-design, results and data analysis concepts for APC assessment
are discussed.

– Finally the conclusions and DLR’s plans for the future are given.
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%MVGVEJX�4MPSX�'SYTPMRK����

–  The above list contains the most important key words when talking about
APC.

– There is a strong agreement that APC is a highly adverse man-machine
problem due to disharmonic pilot control inputs.

– The expression APC was introduced to replace the acronym PIO first.
Today APC has a more general meaning than PIO

– We all know well that nonlinear effects in the FCS can trigger APC. This is
commonly illuminated by the FQC metaphor

– Further more we can state that an APC contains 3 elements: pilot, a/c and
trigger. Pilot is obvious, since without the pilot in the loop no APC is
possible. The a/c is represented by the complete Flight Control Systems.
The trigger can have different forms, such as NL-effects, or increased task
elements, but always causes a sudden change in the closed loop a/c-pilot
system dynamics resulting in a misadaptation of the pilot.

– Last but not least: APC is no pilot failure, but a failure in the flight control
system design process.
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VEXGLIXMRK
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TPMXYHI�SWGMPPEXMSR������,^�

RSX�WEJIX]�GVMXMGEP�
FYX�HIKVEHIH�TIVJSVQERGI

%4'

'PEWWMJMGEXMSR

This diagram shows a simple classification (not complete). We can see safety
critical and not safety-critical types of APC.

Not critical: We have e.g. the low amplitude-high frequency oscillations
bobbling and ratcheting

Critical.: Distinguish between non-oscillatory and oscillatory (were we have
PIO three categories)
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time
time delay

urle yrle
yrle

urle

– The history of aviation has shown that Rate Saturation is the dominating
nonlinear effect in modern flight control systems triggering APC (Category
II PIO).This was the background for defining an individual category for
APC caused by Rate Limiters > category II PIO.

– The major problem with Rate Saturation is that an additional  timedelay is
introduced after Rate Limiters onset. The further point is that this additional
delay is not constant but amplitude dependent.
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4VIHMGXMSR�SJ�%4'����

The objective of this presentation is to discuss means and methods used to
predict potential APC problems in the design phase of the flight control
system.

For that task several APC prediction criteria are available, such as Neal-
Smith, Bandwidth, Phase Rate, Smith-Geddes.

But most criteria and data bases only address linear effects due to filters and
time delays in the flight control system causing a high frequency phase-
rolloff. The high frequency phase-rolloff is the main effect causing category I
PIO.
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control laws

sensors

actuators aircraft
pilot

But what about category II ?

Let us first have a look at typical implementations of Rate Limiters in
modern FCS. We have two typical locations: In the feed-back loop and in the
forward path.

In order to predict APC due to these Rate Limiters we have developed the
OLOP criteria at DLR.
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����8LI�3034�GVMXIVMSR�LEW�EPP�XLI�LEPPQEVOW�SJ�XLI�TVIWIRX�EYXLSV
W�QIXLSHSPSK]
JSV�TVEGXMGEP�HIWMKR�KYMHERGI����

.SLR�+MFWSR������

8LI�3034�'VMXIVMSR����

OLOP means Open Loop Onset Point.

The OLOP criterion is capable to predict category II PIO due to rate
saturation effects.

It is applicable to all rtelated problems.

OLOP has been developed, based on the Nichols amplitude/phase diagrm It
has been shown that the intensity of the jump resonance due to Rate Limiting
onset is highly dependent on the OLOP-location in a Nichols chart. For
OLOP application no Describing Function technique is required.
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Here some high-level information about OLOP are given:

OLOP has been validated by special simulator experiments

FOSIM simulator was used within a collaboration with the Swedish FFA.

342 test runs (using different configurations in the roll axis based on
LATHOS, F-18, YF-16 test pilots) with five test pilots were made.

The results are shown above.

You can see a significant correlation between the OLOP location and the
DPIORs

It is important to correlate the DPIORs with OLOP since OLOP only predicts
APC due to Rate Limiters effects. It is not correlated with the category I PIO
criteria.
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8LI�3034�'VMXIVMSR����

(IXIVQMREXMSR�SJ�3034

stick input attitude

rate limiter input

FCS feedback signals

FCS aircraft

Closed Loop Aircraft System

Open Loop Aircraft-Pilot System

FCS feedback signals

pilot
model

FCS aircraft

For OLOP applicaation three linear frequency responses are required.

1. From stick to attitude (this is also required for Neal-Smith or Bandwidth
criteria) used for the pilot model

2. From stick to rate limiter input  > Omega-onset

3. Open loop system including pilot model.
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One special chapter is the pilot model. It is proposed to use simple gain
models based on the crossover phase angle Ξc. Further more a range of pilot
gains should be investigated.

There are two example configurations, one with Rate Limiter in the feed-
back-loop and one with Rate Limiter in the forward path. This is category II
PIO prone only for very high pilot gains, which means aggressive pilots. The
other configuration (RL in FB-loop) is category II PIO prone for the entire
pilot model gain range.

Here we will probably have a problem.
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7EXYVEXMSR��(06�*&�������������
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'VMXIVMSR��XS�FI�TVIWIRXIH�EX�XLI������%-%%�%*1�'SRJIVIRGI�

(SGYQIRXEXMSR
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'VMXIVMSR��%-%%�4ETIV���������������
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8LI�3034�'VMXIVMSR����

Here a list of the most important documents

– 1995 was the first, where the idea was presented, but the criterion was not
fully developed and no data base was available.

– A very extensive report is this one, but in German

– The next papers describe the data base

– And finally we analysed the HAVE LIMITS data base. The results are
presented at the 1999 AIAA conference in Portland by Gunnar Duus.
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m -QTVSZMRK�JPMKLX�XIWX�IZEPYEXMSR�ERH

EREP]WMW�XIGLRMUYIW�JSV�%4'

EWWIWWQIRX�

3FNIGXMZIW

m *MREP�:EPMHEXMSR�SJ�XLI�3034

GVMXIVMSR�YWMRK�JPMKLX�XIWX�HEXE�

-HIRXMJMGEXMSR�SJ�TMPSX�QSHIP�KEMRW�MR

XLI�TMXGL�E\MW�

m 8IWXMRK�EYXSQEXMG�GSHI�KIRIVEXMSR
XSSPW�JSV�WSJX[EVI�MQTPIQIRXEXMSR

SR�XLI�%88%7�I\TIVMQIRX�GSQTYXIV

�7MQYPMRO�6IEP�8MQI�;SVOWLST��

m -QTVSZMRK�JPMKLX�XIWX�IZEPYEXMSR�ERH

EREP]WMW�XIGLRMUYIW�JSV�%4'

EWWIWWQIRX�

6IGIRX�*PMKLX�8IWX�)\TIVMQIRXW�[MXL�%88%7����

The ATTAS experiments:

There were three objectives:

Although we consider the OLOP criteria as ready we wanted a final
validation, especially to get some more experience in the pitch axis.

We did all the design and analysis work in the Matlab/Simulink environment,
check Real Time Workshop. Last but not least we plan to develop further our
flight test data analysis concepts for APC assessment.
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We designed the experiment based on a set of criteria. I will concentrate my
talk on the pitch axis, but we did the same thing in the roll axis too.

In the pitch axis we used the N/S and C* criteria in order to define the linear
system dynamics and OLOP for the behaviour after Rate Limiters onset. We
defined baseline configs. one in L1 and one in L2/3. This is depending on the
band width (BW) when N/S is applied. For this type of a/c BW of 2,5 is most
relevant. For investigation of Rate Limiter effects we applied 3 max. rates (7,
13 and 30 deg/s) for the elevator deflection.

The diagram shows see the OLOP locations. It is interesting, that with
increasing max. rate the category II PIO potential seems to be bigger. This is
a point where we were not able to clarify this by the flight test results. We
assumed a time delay responsible for this result.
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/* Function: rt_InitInfAndNaN
=================================================

* Abstract:
*  Initialize the rtInf, rtMinusInf, and rtNaN needed by the
*  generated code. NaN is initialized as non-signaling.
*/

static void rt_InitInfAndNaN(int_T realSize)
{

int16_T one = 1;
enum {

LittleEndian,
BigEndian

} machByteOrder = (*((int8_T *) &one) == 1) ? LE : BE;

switch (realSize) {
case 4:

switch (machByteOrder) {
case LE: {

typedef struct {
uint32_T fraction : 23;
uint32_T exponent  : 8;
uint32_T sign      : 1;

} LEIEEEDouble;

(*(LEIEEEDouble*)&rtInf).sign      = 0;
(*(LEIEEEDouble*)&rtInf).exponent  = 0xFF;
(*(LEIEEEDouble*)&rtInf).fraction  = 0;
rtMinusInf = rtInf;
rtNaN = rtInf;
(*(LEIEEEDouble*)&rtMinusInf).sign = 1;
(*(LEIEEEDouble*)&rtNaN).fraction  = 0x7FFFFF;

}
break;
case BE: {

typedef struct {
uint32_T sign      : 1;
uint32_T exponent  : 8;
uint32_T fraction  : 23;

} BEIEEEDouble;

(*(BEIEEEDouble*)&rtInf).sign      = 0;

Simulink generated code

ATTAS

This diagram depicts our s/w implementation concept. We developed simple
controllers under Simulink. In the pitch axis it is nz or C* law, containing q
and nz feedback and one integrator.

Using the Real Time Workshop we simply pushed a button and got a C-code
which is implemented on the ATTAS experiment computer.

This is a very exciting technique which we did first time for these
experiments. Quite a lot of s/w adaptation work was required, but we now
have a excellent basis for future experiments.
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m 7SJX[EVI�MQTPIQIRXEXMSR�ZME�6IEP�
8MQI�;SVOWLST�[SVOW�[IPP�ERH
TVSZMHIW�E�ZIV]�KSSH�FEWMW�JSV�JYXYVI
I\TIVMQIRXW�

m 7MKRMJMGERX�GSVVIPEXMSR�FIX[IIR�TMPSX
GSQQIRXW�ERH�TVIHMGXMSRW�FEWIH�SR
XLI�GVMXIVME�[EW�SFXEMRIH�

m -X�MW�ZIV]�lHMJJMGYPXz�XS�TVSHYGI�E
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TVSZMHIW�E�ZIV]�KSSH�FEWMW�JSV�JYXYVI
I\TIVMQIRXW�

m 7MKRMJMGERX�GSVVIPEXMSR�FIX[IIR�TMPSX
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This chart shows the main experiment results:

First the s/w implementation was greatly facilitated using Real Time
Workshop.

A significant correlation between pilot comments and predictions based on
the criteria  was obtained

A very interesting result is, that it is “difficult” or very unlikely to get
category II PIO in the pitch axis with stable aircraft.

There is one example - a run with a max. rate of 7 deg/s, which is very low. -
The pilot gave a PIOR of 1-2. Here is one explanation: The depicted example
shows a tracking task with a commanded pitch angle. Pilot activities show
that the pilot gains were much smaller than expected. I will come back to this
point later.
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Here is one more chart to confirm the statement that category II PIO for
stable a/c is very unlikely - the HAVE LIMITS program (to be presented on
AIAA 1999).

You see two configs. from HL evaluated with the OLOP: 2D represents a
stable a/c, while 2DU represents an unstable a/c. 2D runs into the dangerous
area only very low Rate Limitations, while 2DU is category II PIO prone
even for quite high max. rates.

This result is well in-line with the FT results obtained in the HAVE LIMITS
program. Gunnar Duus will give more details on this study in Portland.
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%TTVSEGL
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m -HIRXMJMGEXMSR�SJ�TMPSX�QSHIPW�JSV�XLI�IZEPYEXMSR�SJ�XLI�3034�GVMXIVMSR�

8LI�SFNIGXMZI�MW�XS�HIZIPST�TVSGIHYVIW�JSV�%4'�%WWIWWQIRX�FEWIH�SR�JPMKLX�XIWX
HEXE�GSQTPIQIRXEV]�XS�XLI�TMPSX�VEXMRKW�

%TTVSEGL

m -HIRXMJMGEXMSR�SJ�WMQTPI�EMVGVEJX�ERH�JPMKLX�GSRXVSP�W]WXIQ��*'7��QSHIPW�JVSQ�XLI

JPMKLX�XIWX�HEXE�

m )ZEPYEXMSR�SJ�LERHMRK�UYEPMXMIW�GVMXIVME�YWMRK�XLI�MHIRXMJMIH�EMVGVEJX�ERH�*'7

QSHIPW�

m 'SQTEVMWSR�SJ�GVMXIVME�VIWYPXW�[MXL�TMPSX�GSQQIRXW�

m -HIRXMJMGEXMSR�SJ�TMPSX�QSHIPW�JSV�XLI�IZEPYEXMSR�SJ�XLI�3034�GVMXIVMSR�

Now I come to the data analysis. The objective is to develop procedures for
APC-Assessment based on flight test data complementary to the pilot ratings.
The pilot rating is always subjective and it is quite easy not to find a “hidden
weakness”. So numerical data analysis is an important factor in order to
maximise flight safety.

Our approach is to identify simple a/c- and FCS- models and evaluate
Handling Qualities criteria and compare the numeric results with the pilot
comments.

Furthermore we identify simple pilot models for application of OLOP.
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I will now discuss different concepts for a/c-FCS mode identification.

The first one works in frequency domain. Transfer functions are
approximated to the fast fourier transforms of the test data.

Method b) is only required for d): it means the identification of linear a/c
models using surface deflection as input and a/c reaction as output.

Method c) uses stick signals as input. An equivalent time delay is estimated.

For method  d) only delays in the forward path and feedback loop of the FCS
ore identified, while the FCS gains, the maximum rate of the limiters and the
linear a/c models are fixed.

This technique is required to evaluate OLOP from FT data. OLOP can not be
evaluated correctly based on method a) and c)  (exception: rate limiters in the
forward path).
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On this chart methods a) and c) are illustrated.

Right: Method a) is a little bit more difficult to apply, you have to decide
about the frequency range to be considered. In this case we did the
approximation up to a frequency of eight rad/s.

Left: Here you see the identification of an equivalent linear model. Here we
have a 3211 input signal, so that it is difficult to include the phugoid motion
due to the short time of the run.

It has been shown that an PID of the tracking task (duration = 120 s) is
favourable.
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This chart shows one PID result of concept d)

The red curve represents the a/c-FCS model response without time delay.
The blue curve the response with time delays.

You see that we have a better matching with delay.
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This chart shows the results of the three Identification concepts for the pitch
axis configs. Additionally we see the predictions based on the model and
assumed time delay we used before FT. The main cause for the difference
between Identification and prediction is the assumed delay.

For config 1 we got very consistent results, but we have some scattering for
config 2. This is because this configuration is quite sensitive to additional
delays.

Method d)  (only ientification of delays) provides the most consistent results
compared to the pilot ratings. However we are not quite clear about this
config. We need to do some further analysis and FT.
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For the evaluation of OLOP we need simple pilot models. For that purpose
we do a parallel simulation of the closed loop a/c-pilot model. The input
model gain is adjusted manually in order to get “similar” closed loop
performance, such as damping and overshoot.

In this case we got crossover phase angles significantly lower than expected.
For experiment design we assumed -130 deg as medium gain.

In the roll axis this is slightly higher.
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The identified a/c-FCS and pilot models are used for evaluation of the OLOP
criterion. This chart shows config 1- the predicted and identified model for
different max. rates.

You see that OLOP does not predict any category II PIO problems, which is
well in-line with the pilot comments. The pilot rated this config with PIOR 1-
2 for 30 and 7 deg/s max. rate.

We did not fly the 13 deg/s case.
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Conclusions:

We did Flight test experiments with ATTAS in order to improve the
knowledge base on the OLOP criterion especially in the pitch axis, to test
new software implementation procedures and to improve flight test data
analysis techniques.

The pilot comments obtained are correlated with the predictions of the
criteria (OLOP, Neal-Smith).

Software implementation via Real-Time Workshop (the C-code generator of
Simulink) works well and provides a good basis for future experiments.

Different concepts for flight test data analysis were evaluated; the identified
aircraftand pilot flight control system models.
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Outline

• Steps for minimizing PIO risk
• Assessing risk if a PIO occurs
• A possible PIO rating system
• Pilot variability in PIO simulation
• Some recommendations
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Steps for Minimizing PIO Risk

1.  Be prepared for PIO
2.  Apply criteria to design
3.  Use criteria to focus preliminary simulations
4.  Use early flight data to update sim. model
5.  Repeat steps 1 - 4
6.  Use simulation to apply criteria for large

inputs
7.  Use criteria to focus preliminary flight tests
8.  Use real-time onboard detection for early

warning
9.  Repeat steps 1 - 8

Be Prepared for PIO

• Military procurements represent a dichotomy:
– Projects adopt success-oriented scheduling
– Evaluators expect to encounter PIO in flight test

• PIOs will almost always occur
– Should not be a surprise
– Testing must be adopted to look for them

• The more advanced the aircraft (unstable, multiple
effectors, multi-purpose effectors, complex
augmentation) the greater the potential for
catastrophic PIO
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• Pilots must be a part of the process
– Familiar with the phenomenon
– Aware of potential through all phases of testing

• PIO is not an operationally relevant event
– Test pilots’ job is to go beyond normal operations
– If test pilot won’t push the airplane, rest assured that

some unsuspecting fleet pilot will
– Any flight test can be a test for PIO tendency

• If a PIO occurs, there must be a way to assess
risk of continuing flight testing before a fix is
found

Be Prepared for PIO (concluded)

Steps for Minimizing PIO Risk
1.  Be prepared for PIO

2.  Apply criteria to design
- As early as possible in design process
- If you apply valid criteria and your airplane fails, it
doesn’t mean the criteria are bad

3.  Use criteria to focus preliminary simulations
4.  Use early flight data to update sim. model
5.  Repeat steps 1 - 4
6.  Use simulation to apply criteria for large inputs
7.  Use criteria to focus preliminary flight tests
8.  Use real-time onboard detection for early warning
9.  Repeat steps 1 - 8
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1.  Be prepared for PIO
2.  Apply criteria to design

3.  Use criteria to focus preliminary
simulations
- Don’t spend time in areas where criteria are
easily met
- If criteria predict PIO -- fix the design!

4.  Use early flight data to update sim. model
5.  Repeat steps 1 - 4
6.  Use simulation to apply criteria for large inputs
7.  Use criteria to focus preliminary flight tests
8.  Use real-time onboard detection for early warning
9.  Repeat steps 1 - 8

Steps for Minimizing PIO Risk

1.  Be prepared for PIO
2.  Apply criteria to design
3.  Use criteria to focus preliminary simulations

4.  Use early flight data to update sim. model
- It should contain all known nonlinearities and limits

5.  Repeat steps 1 - 4
6.  Use simulation to apply criteria for large inputs
7.  Use criteria to focus preliminary flight tests
8.  Use real-time onboard detection for early warning
9.  Repeat steps 1 - 8

Steps for Minimizing PIO Risk
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1.  Be prepared for PIO
2.  Apply criteria to design
3.  Use criteria to focus preliminary simulations
4.  Use early flight data to update design model
5.  Repeat steps 1 - 4

6.  Use simulation to apply criteria for large
inputs
- Frequency sweeps to control limits
- Even if sim. is doubtful for PIO, it can be useful for
applying inputs beyond those considered safe in
flight

7.  Use criteria to focus preliminary flight tests
8.  Use real-time onboard detection for early warning
9.  Repeat steps 1 - 8

Steps for Minimizing PIO Risk

1.  Be prepared for PIO
2.  Apply criteria to design
3.  Use criteria to focus preliminary simulations
4.  Use early flight data to update design model
5.  Repeat steps 1 - 4
6.  Use simulation to apply criteria for large inputs

7.  Use criteria to focus preliminary flight tests
8.  Use real-time onboard detection for early warning
9.  Repeat steps 1 - 8

Steps for Minimizing PIO Risk
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1.  Be prepared for PIO
2.  Apply criteria to design
3.  Use criteria to focus preliminary simulations
4.  Use early flight data to update design model
5.  Repeat steps 1 - 4
6.  Use simulation to apply criteria for large inputs
7.  Use criteria to focus preliminary flight tests

8.  Use real-time onboard detection for
early warning
- Tomorrow morning

9.  Repeat steps 1 - 8

Steps for Minimizing PIO Risk

• If PIO occurs in the development process, it must
always be treated with concern
– Fix the problem!

• It may be necessary, and possible, to continue the
development effort

• Risk is a function of several factors:
– Category of PIO
– Severity of PIO
– Frequency of occurrence and duration of PIO

Assessing Risk if a PIO Occurs
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Reducing Risk:  Categorize the PIO

• Category I (linear):
– it should be possible to quickly identify causal factors
– Lowest risk to continued operation

• Category II (rate limiting or other saturation):
– More difficult to identify causes
– Risk depends on other factors:

• Flight condition/aircraft configuration -- avoidable?
• Consequence of saturation -- unstable airplane?

• Category III (nonlinear with mode switching):
– Highest risk, factors similar to Category II

Current PIO Tendency Rating Scale

• Problems with scale
– Does not mention “tendency”
– PIOR = 2, 3: not relevant to PIO
– PIOR = 4: no indication of severity
– Attempts to mix handling qualities

with PIO assessment

• Examples:
– Pitch bobble (PIOR = 4) with

inadequate control power (HQR = 8)
– Severe (but not divergent) PIO

(PIOR = 4) that is unacceptable
(HQR = 8)

Pilot Attempts
to Enter Control

Loop

Causes
Divergent
Oscilla tion

Causes
Oscilla tions

Do
Undesirable

Motions Tend to
Occur?

PilotInitia ted
Abrupt Maneuvers

or
Tight Con trol

No

No
No

No

No

1

2

3
4

5

6

Yes

Yes

Yes

Yes

Yes

Is
Task

Performance
Compromised?

Divergent
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A Possible PIO Rating System

Dangerous
(bail out)

Severe
(abandon task)

Moderate
(can't ignore it)

Mild
(can ignore it)

None

Never stopped

Most of the time

Occasional

Only a veryshor ttime

Never saw one

Couldn't prevent i t
(abandon airplane)

Couldn't prevent i t
(Abandon task)

Prevented or allevia ted
by technique

(task performance
compromised)

Preven ted or elimina ted
by technique

(task performance
not compromised)

No tendency to
induce oscillations

What airplane?

In tolerable for
the task

(fix i t)

Objectionable
(warran ts

improvement)

Tolerable
(sa tisfactory without

improvement)

WhatPIO?

Severi ty Frequency of Demands Overall
occurrence on pilot assessment

PIO Rating System Allows for Risk
Assessment in the Development Process

- Example:  PIO Severity vs. Frequency of Occurrence

Frequency of occurrence
Never

s topped
Most of the

time
Occasional Only a very

short time
Never saw a

PIO
Dangerous
(bail out) High High High High
Severe

(abandon task) High High Modera te Modera te
Modera te

(can’t ignore i t) High Modera te Modera te Low
Mild

(can ignore it) Modera te Modera te Low Low

Severi ty

None
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• Variability in pilot opinion is well-documented
in handling qualities experiments
– Test pilots have varying backgrounds, expectations,

flying styles
– This is good!  Fleet pilots will be even more diverse

• Variability is magnified when it comes to PIO
tests and exposure of PIO tendencies

• Monitor pilot performance for tracking tasks
– Expect variability in performance (example:  recent

sim.)

Pilot Variability

Pilot Variability in PIO Simulation
• Example:  HAVE LIMITS Config. 2DU, 20-deg/sec RL, discrete

tracking task, flown on USAF LAMARS simulator
• Some (minor) differences in setup between sim. and flight
• Results below are typical of sim. (10 pilots total)

– Different pilots encountered PIO at different rate limits

Facility Pilot I.D. HQR PIOR
1 10 6
2 10 6NT-33A (Flight)
3 10 6
A 10 5
B 10 5
C 10 6
D 2 1
E 10 6
F 10 5

LAMARS
(Moving-base

simula tion)

H 10 5
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• Plot shows measured crossover frequency (q/qerror)
from discrete tracking task vs. total run time

– Task started at t = 10 sec, ended at t = 138 sec
– Run ended if pilot encountered rapidly divergent PIO

Pilot Variability in PIO Simulation
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Amplitude of PIO

• Monitor time-history data for evidence of PIO
– Pilots aren’t always aware of PIO on simulator
– Events that seem mild to the pilot may be severe in

flight
– Work with the pilot as much as possible!

HAVE PIO Rating Comparisons: PIOR
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HAVE PIO Rating Comparisons: HQR
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PIO May Be More Severe in
Simulators
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Recommendations
• Make maximum use of criteria, simulation, and

flight test
• Simulation has value as an adjunct to flight
• Be prepared for PIO
• Assess risk for continuing if PIO is encountered in

the development process
• Expect pilot variability
• Look at both qualitative and quantitative

information from simulation
– Ratings tend to be better
– PIOs may be more severe
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Designing to prevent safety-related PIO

PIO Workshop, NASA Dryden, 6th - 8th April 1999
J C Gibson

British Aerospace Warton (retired), Consultant

Introduction
Though PIO is not a new phenomenon, its current notoriety has been acquired in the past two
decades mainly from the all-too frequent serious and sometimes catastrophic examples exhibited
in fly by wire aircraft. Such severe examples were a rarity in the earlier "classical" aircraft with
conventional control systems. Yet the fly by wire technology had brought with it the power to
provide almost any desired handling response qualities. PIOs and sometimes other handling
problems of the "high order" type (to distinguish them from the usually much less severe "low
order" types possible with conventional dynamics) were actually not generic to the technology as
was commonly believed at one time but were inadvertent artefacts of the control system designers.
Since the PIO characteristics were "designed in", they can also be "designed out".

The intellectual rigour necessary to prevent PIO by design must be spread out far beyond the
discipline of the control law specialists. Section 9 of Reference 1 discusses the team approach
essential for the design and evaluation process, and notes the many failures that have resulted
from neglecting this. The repeated examples indicate that newcomers to the fly by wire field have
found it difficult to believe that the problem could happen to them, and so have not implemented a
meticulous anti-PIO design policy. Safety-related, high-order type PIO is not a problem with no
practical solution, preventable only by good luck. The author's 1978 paper on the Tornado PIO in
1976 and its solution (Reference 2) was greeted with surprise, since it was not normal in the
conference circuits to admit to such a problem even though it was widespread. The latter head-in-
the-sand attitude probably contributed to the continuing occurrence of safety-related PIO, and only
more recently was the author's example followed by what is now a flood of data and information
on the problem.

The author's own brush with PIO and its solution led to a design methodology to eliminate it in
future projects. The success of this was demonstrated from the early 1980s onwards by a series
of highly unstable aircraft with digital FBW control, namely the Jaguar FBW demonstrator, the
EAP demonstrator and the Eurofighter 2000. Each took to the air with a growing certainty that
safety-related PIO would not be experienced or even be possible, a certainty that proved to be
justified. The rather simple physical principles of control system design for PIO prevention are
discussed in Reference 3.

Use and misuse of specifications
Designers are very likely to get into trouble if they simply design to satisfy customer
specifications. It is not practical to impose specification criteria for handling qualities design in
sufficient detail to ensure good handling qualities while not unnecessarily restricting other design
possibilities that may actually improve on the classical response types. It is not the business of a
government department to design control systems. Practical specifications provide some "must
have" requirements, but one that tries to cover too much ground at once with too few parameters
risks allowing unsatisfactory behaviour to slip through if it is used as the only design guidance.

Perhaps the best known example is the specification for short period frequency versus n/ . Level
1 handling has never been achieved with frequencies near the upper limit, except for good landing
approach control. The latter is most unlikely with minimum allowable frequencies, but good
handling has been achieved at higher speeds with lower frequencies.
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Another example in Figure 1 is from generic ASTOVL handling research for the jet-borne
hovering phase on a high fidelity motion platform. Two of the cases are plotted on an attitude
response mode criterion from the rotary wing aircraft specification ADS-33C. This criterion
quantifies the handling by the bandwidth and high order effects by the phase delay. Both cases,
assessed in the task of lateral translational control, are nominally second order roll attitude
responses with a bandwidth of 6 radians per second. Their actual bandwidth decreases with
increasing phase delay, which was created by an additional second order lag to represent high
order effects. This generic fourth order model format was derived from a design study for the
VAAC Harrier research aircraft and represented its high order system dynamics very accurately.

However, the results were not what the criterion would lead one to expect. In case 1(a), as the
bandwidth decreased with increasing phase delay, the translation task handling qualities remained
constant. These qualities were found to be related to specific time response characteristics that
remained effectively unchanged from the baseline bandwidth case. There was an increasing
untidiness in attitude control induced by the high order lag, though the effects were acceptable
over the range tested. Case 1(b) with higher bandwidth, despite remaining completely within the
criterion Level 1 region, deteriorated into severe attitude control PIO, exacerbated by lateral
acceleration forces on the stick and pilot's arm with the cockpit mounted on top of the platform.
The cause lay in the high PIO gain of the attitude frequency response, which is not accounted for
by this criterion. The only difference between the cases was that 1(a) had a nominal mode
damping of 1·0 and 1(b) had a damping of 0·5.

The criterion broadly quantified the handling of Case 1(a), but it was misleading either as a
contract specification or as a design criterion when applied to circumstances presumably not
envisaged in its original derivation. It is not known if it was tested for responses with low
damping, for example, even though this is permitted elsewhere in the specification.

Potential difficulties can be caused by any other limited-parameter criterion. Figure 2 shows the
pitch attitude Nichols plots for the YF-17 as tested by Calspan, in the original severely PIO-prone
form and the very satisfactory modified version. To the informed eye, the bad and good natures
of the respective responses are instantly obvious from the presented detail alone, but it is
necessary to have some formalised criteria to quantify this. The modified case was one of the
small number of examples with excellent handling around which the author developed the so-
called "Gibson criteria" boundaries in Reference 4 from 1982, the one for landing approach being
shown in the figure. The boundaries did indeed capture much of the essence of good handling,
but were narrowly constrained and were later found to exclude other perfectly acceptable response
shapes. Similar problems arose with the so-called "Gibson criteria" time response observations in
Reference 4, which again were derived from a fairly limited set of cases. The author also learned
the hard way that sometimes others of a dogmatic frame of mind could find it difficult to accept a
response that did not entirely satisfy the boundaries "because it violates the criterion", despite his
protestations that they were intended as indicative guidelines and not absolute go/no-go limits.

Nevertheless these criteria appear from the literature to have been of assistance to a number of
other designers, and were an essential grounding to the author's later design methodology
described in Reference 3. In this, there is a much reduced emphasis on attitude frequency
response "shape" boundaries because they inherently change their characteristics with increases in
true speed and altitude. The nature of pitch behaviour in the "general handling" region of Figure 2
is richly illustrated for design purposes by time responses such as flight path time delay, attitude
dropback and pitch rate overshoot, which cannot be quantified directly from the frequency
response even though they may be obviously present by visual inspection. On the other hand,
while high order PIO tendencies are easily observed by a lag in the time domain pitch acceleration
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response, they are more clearly delineated in a detailed analysis of the frequency response
characteristics in the "safety-related PIO" region of Figure 2, independently of the general
handling. All this is discussed in Reference 3. (Time responses are an excellent design tool,
irrespective of their unsuitability for flight test analysis.)

A variety of delay criteria have been promoted, of which phase delay (or the average phase rate in
the author's terminology) is the most accurate measure of the actual dynamics that may lead to
PIO, particularly of Type 1 though obviously these may in turn lead on into Type 2 or Type 3
PIO. It is doubtful if such criteria have any meaning for analysis of large amplitude responses
with non-linear actuation effects, however. The author found it unprofitable to attempt the
laborious time response analysis for phase delay in this regime.

The primary importance of phase delay is to indicate a significant lag in the initial rotational
acceleration time response to a pilot's control input which may lead to a Type 1 PIO. If this
diverges into the actuator saturation regime, the PIO continues at a decreasing frequency which
remains uniquely related to the 180 degree lag in attitude as the non-linear effects become more
pronounced with increasing amplitude. If on the other hand a large saturated PIO bursts into life
with no intervening growth from small beginnings, then it instantly locks on to the PIO frequency
in the same way. In neither case is there any significance in the rate of phase angle variation over a
range of frequency beyond the PIO, which in effect is phase delay. What does matter is the
manner in which the attitude response at the unique PIO frequencies varies from the linear case as
the pilot's input amplitude increases.

The handling qualities specifications known to the author do not address the safety-related PIO
problem directly, other than to require that it must not occur. These specifications are generally
assumed to apply to the linear regime, presumably because they are mostly expressed in terms of
parameters suited to straightforward frequency response analysis techniques. The few
requirements specifically associated with full amplitude control inputs, which would certainly
invoke any actuation and aerodynamic non-linearities, are typically open loop time response
requirements such as roll performance, and would not necessarily illustrate any PIO tendency.
Nevertheless there is no general exclusion of large amplitude and non-linear conditions from
consideration, and indeed "the effects of the control equipment should not be overlooked" in
calculations or analyses directed towards investigation of compliance with the specifications.
The realm of the safety-related high order PIO
The following is a brief resume of the author's successful experience in high order PIO solution
and subsequent elimination by design over the period from 1976 up to the present, extracted
mostly from Reference 3.

At the time of the 1976 Tornado landing PIO, there were no criteria or appropriate data generally
available to explain it. However, it had clearly grown out of the stick pumping in the landing
flare, an activity described by Bihrle in 1966. He noted that just before touchdown, pilots would
often engage in a rapid pitch control oscillation in phase with pitch acceleration, at frequencies
well above the short period. The acceleration amplitude was consistently around ±6.5 deg/sec_.
Bihrle concluded that pilots acted this way to generate confidence in pitch control as the speed
reduced towards the stall when very precise flight path control was needed for a smooth and safe
landing. The activity was also quite subconscious, all pilots being unaware of it.

The author had used the stick pumping theory in the Tornado design process to ensure that there
was adequate hydraulic pump flow capacity at idle engine rpm in the landing approach, and in fact
found in flight records that pilots did stick pump as predicted. However, the Tornado pitch
attitude dynamics differed significantly from previous conventional aircraft. These consistently
feature stick pumping at typically 8 to 10 rad/sec resulting in an attitude oscillation that is very
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small. The amplitude is usually less than a fifth of a degree peak to peak and is effectively
unnoticeable. The Tornado stick pumping frequency was about 3 to 4 rad/sec. and at the nominal
acceleration level the attitude would be around 2 degrees peak to peak. Some pilots used larger
pumping amplitudes than others. The likely trigger seemed to be that the pilot suddenly became
aware of the attitude oscillation, and was presented unexpectedly with a ready-made PIO situation
with the attitude already 180 degrees out of phase.

Stick pumping does not trigger PIO in conventional aircraft. The obvious solution at the time was
to ensure that the attitude dynamics in the stick pumping frequency region were made to favour
the subconscious pitch acceleration pumping activity, and not to encourage the possibility of the
unstable pilot-attitude PIO coupling which occurs at similar frequencies. The "synchronous pilot"
PIO model proposed by Ashkenas and McRuer around 1964, expressed as a gain element and
assumed to apply control in anti-phase to the attitude oscillation, was clearly evident in the
Tornado PIO. With no pilot phase contribution, the closed loop instability naturally occurred at
the frequency where the aircraft attitude phase lag to control inputs was around 180 degrees. The
author concentrated studies on the aircraft dynamics in this region.

Figure 3 shows the calculated Tornado landing case pitch attitude frequency responses for four
different pitch control law configurations. The unaugmented mode was rather sluggish but was
otherwise perfectly acceptable. It had already become clear that the stick command gain at low
speeds in the first augmented version, which experienced the PIO, was too high as it was
excessively easy to saturate the pitch control system. The large amplitude ratio at the 180° phase
lag frequency meant that large oscillations could easily be generated by quite moderate stick
inputs. In the complete absence of any other criterion whatever, the policy was adopted that a
stability margin must remain if any pilot again used the same gain as in the accident.

The second control law version, which was nearly in a flight cleared status at the time of the
accident, had already halved the PIO response gain at low speeds with its substantial reduction in
stick command gain, and was approved for use. The author expressed reservations because the
linear dynamic characteristics of the second version were little changed from the first version. The
sensation pilots had of having to "feel for the ground" in the first version was caused by a marked
lag in the onset of pitch acceleration in the time response, which was much larger than in the
unaugmented case where conventional actuator dynamics were the only high order effect. In the
second version the transient acceleration lag had been scarcely reduced at all, and some pilots still
found a slight imprecision at touchdown. The author's concern was eventually justified by an
incipient non-divergent PIO, distinguished in the flight record mainly by the pilot's statement that
he had sensed its onset. As the tailplanes were close to their nominal rate limit, the effective safety
margin was unacceptably small. Further use of full augmentation for take off and landing was
again prohibited until a final solution was developed.

The third version followed the author's embryonic ideas about the importance of the attitude
dynamics around the 180 degree phase lag frequency. It further reduced the PIO gain and the
transient acceleration lag by speed-dependent scheduling of the lag-lead stick command pre-filter
to a unity gain at low speed. The lag-lead was restored at higher speeds and was later redesigned
for pitch tracking optimisation. This version has successfully prevented a recurrence of landing
PIO since its introduction more than twenty years ago.

Criteria evolution
The concept of the synchronous pure gain pilot model became a powerful tool in the discovery of
solutions to high order PIO and design criteria to prevent it. Though the pilot actions were later
found to vary from the pure attitude-related gain model, often with highly non-linear behaviour,
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the fundamental pilot actions are always tightly synchronised to components of the attitude
response. The policy of dealing with safety-related PIO as a specifically localised problem of
attitude dynamics complete in itself, separately from considerations of general handling qualities,
has proved to be correct and has led to the author's successful design criteria.

The availability after 1978 of the LAHOS data, Reference 5, enabled the development of the
preliminary design criterion discussed in Reference 4. This was based on the nominal stick
pumping amplitude and the attenuation of the attitude response between the frequencies at 120
degrees (the author's own early version of bandwidth) and 180 degrees phase lag. The first factor
is directly related to the PIO frequency at 180 degrees lag, and favours a high frequency value.
The second factor was a gain margin of a sort, but did not explicitly define the absolute PIO gain.
The Jaguar FBW demonstrator, designed to this and other "Gibson criteria", began flight tests in
1981 with a high degree of confidence that this PIO problem would not occur, justified in the
event as it never did. This may have been the first aircraft control system specifically designed to
prevent PIO from the outset.

Continued analysis of the LAHOS data resulted in a more coherent and readily identifiable set of
parameters enabling a positive approach to elimination of PIO by design. Figure 4 (from a 1986
paper and given in Reference 3) shows the essential differences between "low order-
like"responses with no safety-related PIO tendency and "high order-like" responses with severe
PIO tendencies. Note that these terms are not usefully related to the actual order of the flight
control system. The most severe LAHOS PIO examples were generated by the addition of a single
lag pre-filter to conventional dynamics, while it is perfectly possible for a 60th order FCS to show
a low order-like response in the critical PIO region. Design criteria based on these observations
utilised the phase rate (similar to phase delay but localised to the 180 degree lag PIO frequency)
and the PIO frequency as shown in the figure, with a maximum permitted PIO gain of one sixth
of a degree per pound of stick force. These criteria, used in the design of the EAP demonstrator,
gave even greater confidence that the PIO problem was defeated. This was again justified by its
extremely successful 1986 to 1991 flight program in which no PIO occurred.

These criteria were incorporated the formal handling qualities specification for the Eurofighter,
which is showing all the excellent handling qualities of the closely related EAP. The design needs
of the fixed gain control mode that was used for a small number of initial flights made it necessary
to identify handling limits that were acceptable and safe rather than excellent, since naturally this
mode could not be optimised for all speeds, especially at touch down. This resulted in further
analysis by the author in 1993 of the LAHOS data to identify PIO gain limits to better quantify
Level 2 and Level 3 PIO effects, and the phase rate metric was modified to the average phase rate
(exactly the same as phase delay but expressed in different units) as a more accurate measure of
high order lag effects. These are shown in Figure 5. (Despite the limitations of the fixed gain
mode, the approach and landing qualities were still very satisfactory).

Some interpretation is necessary in the meaning of the gain limits, as it can be the case that a
response might be classed as Level 2 by its phase rate and frequency, but as Level 1 or Level 3 by
the gain criterion. The author would interpret the gain as signifying better or worse PIO
characteristics, so that any oscillation would be unlikely to diverge with a Level 1 gain but would
probably be divergent with a Level 3 gain. The response should still be classed as Level 2 in the
first case but must be downgraded to Level 3 in the second case.

The author's adoption of "Level" boundaries in design criteria carries no official status, but
reflects only his own analysis of the experimental data based on pilot comments and ratings
according to the "Level" concept.
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Applicability of Figure 5
The criteria boundaries represent an analysis of a range of response dynamics that is relatively
small compared with the numbers of PIO events that have actually occurred. Many of the
configurations were flown only once by only one pilot, and the opinion rating attached to it might
not be repeated exactly by other pilots. Other configurations might have led eventually to a PIO
given enough exposure to more pilots and more difficult flight conditions. There is a considerable
"grey area" in deciding whether an oscillation should be called a PIO or pilot over-control
resulting from unfamiliarity or insufficient adaptation. It is unlikely that exact boundaries of Level
1, Level 2 and Level 3 PIO qualities could ever be precisely delineated for all examples of high
order PIO.

With three different parameters to be assessed, one of them potentially requiring some
interpretation, it cannot be claimed that this criteria set is guaranteed to quantify with absolute
accuracy the pilot rating of the PIO tendencies of past configurations. What is certain is that the
further outside the Level 1 limit boundaries that the response of a new design penetrates, the
worse its PIO tendencies will be. On the other hand, responses just within the Level 1 limits in all
respects are unlikely to experience significant high order PIO, but they still possess undesirable
residual high order characteristics. The classical aircraft of old without power control actuation
would plot far out of sight to the right on the bottom edge of the phase rate figure, with a response
gain equally far out of sight downwards on the gain plot. Between this ideal extreme and the
practical reality lies a range of increasing high order effects that will eventually lead to PIO
tendencies. Except for unavoidable actuation dynamics, these effects are entirely artefacts of, and
therefore under the control of, the control law designer.

It will be recalled that the definition of Level 1 includes the Cooper-Harper 3 pilot rating with
"some mildly unpleasant deficiencies". A good designer should not simply be content to obtain
the minimum standard just within the Level 1 limits. The designer should set handling qualities
aims equivalent to CHR 2, or better still, CHR 1 which is "excellent, highly desirable". The
concept of an optimum design aim for handling qualities designated Level 1* (Level 1 star) was
used in the EAP control law design guidelines. By illustrating factors that have been associated
with PIO ranging from severe to mild or none at all, the Figure 5 criteria point to the response
dynamics to be avoided by the maximum possible margin to ensure the absence of PIO.

The following Level 1* limits were recommended for linear response design:
• Maximum average phase rate of 50 deg/Hz, equal to a phase delay of 0·07 seconds.
• Minimum attitude PIO frequency of 1·0 Hz.
• Maximum attitude to stick force gain of -20 dB or 0·1 deg/lb at the PIO frequency.
• Maximum attitude acceleration lag of 0·18 seconds in the time response.

(These numbers apply for typical combat aircraft and control inceptors. For other types such as
transport aircraft, similar principles but different numbers may be expected.)

Figure 6 revisits the Tornado configurations, which were rectified without benefit of any proven
criteria, to compare them with the final version in Figure 5. It supports the author's inference that
the first and second pre-filter configurations were not sufficiently different dynamically. The
reliance placed at the time on improving the PIO gain value as a major factor in the solution is
confirmed by the gain criterion which correctly indicates their relative handling. Although the
production version did resolve the PIO problem, it would not pass the later design processes
which led to Level 1* anti-PIO qualities in the EAP for example.

Figure 7 compares the stick pumping at touchdown of the Tornado second pre-filter version in the
incipient PIO incident and the EAP on an early flight touchdown. The sloppy, low frequency and
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large amplitude pumping of the Tornado with about ±10 lbs of stick force and ±1_ inches of stick
input compares dramatically with the classically rapid, small amplitude pumping of the EAP with
about 2 lbs of stick force and ±_ inch stick input, both cases close to the expected frequencies and
producing slightly more than the Bihrle value of pitch acceleration. The high degree of control that
can be exercised by designers over this crucial area of pilot activity is thus clearly demonstrated.

Accounting for actuator saturation
Although the Tornado landing PIO diverged into the non-linear regime of actuator rate limiting, it
was resolved by linear control law modifications. During later development of the "bolt on"
incidence limiting system, actuator non-linearity became a major issue. Linear analysis in the
design stage showed some acceptable reduction in phase margins from the healthy 55 degrees of
the CSAS, and simulation, non-linear modelling and rig tests cleared the system for flight. After
some 40 flights, a very large amplitude self-sustaining oscillation occurred at about 300 knots.

A quasi-linear actuator response model was derived from matching rig tests. Figure 8 shows the
very rapid loss of phase once full rate saturation commenced, typical af acceleration limiting
(Reference 6). This was used to calculate the aircraft attitude dynamics shown in Figure 8. The
dominant feature is the "explosive" growth in the PIO gain as the control inputs become larger. As
the actuator demand doubles from ±7·5 degrees of tailplane to ±15 degrees, the amplitude ratio
quadruples giving eight times the response for twice the stick input. A new non-linear model of
the actuator was also developed with an excellent match to the rig results for all demand
amplitudes. With this model the event could be replicated exactly by analysis. This enabled the
correct design modifications to be developed which effectively linearised the large amplitude
response dynamics, not merely by reducing the phase lag due to rate saturation but by virtually
preventing the occurrence of the saturation altogether.

The most significant factor was found to be the actuator acceleration limiting. The oscillation event
could not be replicated analytically using only the actuator rate limit. This is not usually discussed
in the literature, but it is obvious that the pure saw-tooth waveform often presented as actuator rate
limiting cannot occur in practice. The finite time it takes for the main control valve to be moved
from one end to the other of its stroke represents the acceleration limit. The Tornado tail actuator
control valves were driven by an integrated quadruplex actuator, and though fast it adversely
affected the saturated large amplitude response dynamics. While most fly by wire actuators have
servo drives with much higher bandwidth and rate, the effect of the acceleration limit is always
present and must be included in the actuator modelling for any serious design analysis of large
amplitude PIO resistance.

However, the best means of preventing problems is to provide sufficiently high rates and to
ensure that the forward path command gain at higher frequencies is not unnecessarily large. If the
linear design is also sufficiently low order-like, then the dynamics at the PIO frequency may
change gradually as the input amplitude increases but will not show any sudden and large changes
to trigger a PIO.

Ideally, the rates would be chosen to ensure that the actuation remains unsaturated at frequencies
up to the PIO value using the maximum possible pilot inceptor amplitude. The use of design
inputs smaller than this ignores PIO history. Unfortunately the rates will probably need to be
chosen before the control law design is sufficiently developed to ensure this at critical flight
conditions. A rate sufficient to reach full deflection from neutral in 0·2 seconds permits a full
cycle of maximum amplitude oscillatory control travel while fully rate saturated in 0·8 seconds
(i.e. 1·25 Hz) if there is no serious acceleration limiting. It is hard to imagine that this would not
be sufficient when coupled with proper demand attenuation at PIO frequencies. For lower rates
this attenuation can be adjusted to suit.
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The choice of desirable maximum rates can be confused by misunderstanding the implication of
the units of rate. High numbers tend to alarm management. The important parameter is how long
it takes for a control to be applied. If a minimum time of 0·2 seconds is desired, the
corresponding rate for roll control by a differential tailplane system of ±5 degrees authority is 25
deg/sec (although this would be inadequate for the tailplane's symmetrical pitch control function
with perhaps a total travel of ±15 degrees). For a spoiler system with 50 degrees deflection, the
equivalent rate is 250 deg/sec. Allowing for the differing control surface sizes and hinge
moments, the hydraulic power requirements would be roughly similar despite the 10 to 1 range of
angular rates. It is important to get over the message that high rate capability does not mean that
pilots will sit there thrashing the controls at maximum rate for long periods, therefore requiring
large hydraulic power and flow capability. It is only necessary to provide sufficient accumulator
capacity to allow one or two large transient inputs followed by a short dwell in which time the
accumulator can be recharged. It is lack of transient rate capability that can lead a pilot into a
saturated PIO.

Such a provision has been made on the Jaguar FBW, EAP and Eurofighter with actuator rates of
up to 100 degrees per second. Because of their high instability levels, these aircraft could not
tolerate significant rate saturation in the pitch controls. The rudder control rate was also critical,
since its heavy usage to minimise sideslip in providing "feet off" co-ordinated rolling can require
high rates to prevent loss of control in carefree gross combat manoeuvres involving full pitch and
roll inputs in any combination including simultaneously. A second line of defence is to place
software rate limits of a lesser value on the actuator inputs, e.g. 80 degrees per second, so that the
actuators never reach a hard limit. A third defence is to place software rate limits on the inceptor
output signals so that the actuator input rate limits are not invoked or at least are invoked only very
briefly. Inceptor signal rate limiting, being series or open loop, has been found to be tolerated
more readily than closed loop saturation at the actuators. None of these aircraft has shown the
slightest tendency to Type 2 or Type 3 saturation effects in flight.

Designing and testing for good handling
While the thrust of this paper has been the prevention of safety-related PIO, it goes without saying
that the provision of good handling qualities is a necessary precursor. This includes the
prevention of pitch oversensitivity and non-safety-related "low order" PIO such as pitch bobble or
the "PIO syndrome" effect due to excessive attitude dropback or an excessive Bode plot shelf
width. These can easily be dealt with by use of the methodologies described in Reference 3, for
example. Again the designer should aim for "Level 1*" qualities, so that inevitable shortfalls in
some areas will still provide Level 1 handling. Generally this aim can be achieved by a K/s-like
behaviour below the bandwidth frequency, but this must be applied to the appropriate response.

Although control of an aircraft invokes both attitude and flight path, excellent results have been
obtained by optimising the attitude and accepting the fall-out flight path response. This can be
taken only so far, however. The latter may well acquire non-classical features such as "g creep"
and this must always be assessed for acceptability. Flight path control must take precedence in the
landing task, for example, where path control PIO is always a possibility even with classical
response dynamics. Here it is also possible to apply the desired K/s-like dynamics to the HUD in
the form of a quickened climb-dive or velocity vector symbol, giving very precise flight path
predictability and touch down control.

Generally, the faster and higher an aircraft flies, the more dominant the control of flight path
becomes. More strictly, it is control of angle of attack rather than pitch rate that becomes more
important. This is because the steady pitch rate in manoeuvres becomes small relative to the angle
of attack required, which takes too long to acquire initially at anything like the steady pitch rate



463

value. Substantial pitch rate overshoot and attitude dropback ratios then become necessary. An
extreme example, discussed (with very approximate data) in Reference 3, is the YF-12 in cruise at
Mach 3 or about one kilometre per second, and hence with extremely low pitch rates per g. Figure
9 shows a time response sketch indicating a good K/s-like path response but an attitude dropback
ratio of 5 and pitch rate overshoot ratio of 6, which are very large by normal standards.

Although such attitude parameters would be highly unsatisfactory in the majority of normal flight
conditions, here their effects are rather insignificant. The normal acceleration increment of about
0·11g used to acquire an attitude change of 0·3 degrees for a 1000 foot per minute climb in a
height change manoeuvre required a steady pitch rate of only about 0·07 degrees per second.
Hence the physical dropback and peak pitch rate were about 0·35 degrees and 0·4 degrees per
second. A K/s-like attitude response could be enforced, say by a lag-lead command prefilter, but
the result would be an impossibly long hang-off or g creep as shown in the second sketch.
Despite excellent attitude control, the flight path angle response is made so sluggish that a slow
overdriving PIO would be the most likely outcome of any attempt to acquire a constant altitude or
climb angle. Whether this is truly safety-related is not clear, but it would certainly give a
supersonic airliner captain a hard time with hand flying.

By the start of pre-flight clearance testing, all traces of serious PIO should have been removed by
rigorous design and analysis employing up to maximum amplitude inputs as noted earlier. Even
though this may not represent normal realistic control usage (though it is normal for truly carefree
handling aircraft, where anything goes), a control system unable to withstand this has not been
properly designed. A piloted simulation search for PIO triggers may well be carried out, but
failure to find a trigger task may only mean that the right one has not been thought of. A PIO will
always occur, eventually, if the response dynamics permit it. PIO cannot occur if it has been
designed out of the system, a possibility that has been demonstrated now on several fly by wire
aircraft. A fixed base simulation is certainly capable of showing that Type 2 or Type 3 PIO
characteristics are not present, provided that the control system dynamics are very accurately
modelled from theoretical analysis and rig tests.

After the Tornado, flight testing for PIO at Warton has been confined to a few high pilot gain
precision tasks. One was synthetic HUD target tracking, which showed up a small lateral tracking
oscillation on the EAP caused by a feature introduced to optimise rapid turn entry co-ordination.
On the Jaguar FBW, flight refuelling trials were done at the end of its programme in its most
unstable configuration, without specific pre-task tests but with knowledge of excellent formation
qualities and absolute confidence by then in its freedom from PIO. Eight dry contacts were made
showing very easy control. On Eurofighter, tests of very close formation flying were made
behind a Tornado prior to actual contacts with a Victor tanker. The refuelling task was found to be
an order of magnitude easier than with previous conventional aircraft, and in fact Cooper/Harper
ratings of 1 and 2 were given. Very aggressive pitch tracking has shown an extremely stable
tracking platform. Flight testing for safety-related landing PIO has not been seen as either practical
or necessary given the intense scrutiny applied to the design and pre-flight testing.

Final comments
To design a control system and only then to test it for PIO is a very high risk strategy. To ensure
freedom from PIO, it is essential to plan its absence from the very beginning, starting with a
properly constructed and thought out control law layout, maintaining a highly visible block
diagram on which all paths can be followed and their effects understood, and considering the
impact on possible PIO of the system hardware and of every change to the control laws.

Reference 7, an excellent review of the past PIO problem initiated after the YF-22 PIO in 1992,
recommends a change in paradigm from "Proceed unless a PIO problem is proven to exist" to
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"Proceed only when resistance to PIO is proven". It will be obvious that this author whole-
heartedly concurs.

The essence of safety-related PIO prevention by design is simply stated: the PIO frequency cannot
be too high, the PIO gain cannot be too low, the phase delay cannot be too small, and the large
amplitude response cannot be linearised too much.
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